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PRINCIPAL  PROBLEMS  OF  THE  REFLECTOR  ANTENNAS  SYNTHESIS 

V.  L  Andrianov,  L.  D.  Bakhrakh,  V.  F.  Los',  A.  Y.  Makarov, 

Iv.  B.  TarasovI 


Moscow  Scientific-Research  Institute  of  Device  Designing  (MSRIDD) 
Phone:  (095)  249-22-41,  249-0704;  fax:  (095)  148-79-96 


An  idea  to  controlling  the  radiation  field  at  changing 
medium  parameters  and  a  form  of  boundary  surfaces 
initially  has  been  proposed  in  optics,  though  the  practi¬ 
cal  development  it  has  gained  in  the  antenna  tech¬ 
niques,  in  particular,  when  developing  reflector  and 
lens  antennas.  A  great  deal  of  works  were  devoted  to 
the  expedient  synthesis  of  reflector  antennas  (and  gen¬ 
erally  to  two-surface  ones)  in  geometrical  approxi¬ 
mation.  As  a  rule,  forms  of  wave  fronts  with  the  distri¬ 
butions  of  electromagnetic  field  vectors  prescribed  on 
them  had  been  used  as  the  initial  data,  that  is  a  certain 
continuously-unique  conformity  between  points  of  these 
forms  had  been  given. 

The  problem  of  transformation  of  the  input  wave  front 
into  the  output  one  in  two-surface  axially  symmetrical 
systems  was  solved  long  ago.  However,  in  axially 
asymmetric  antennas  this  problem  accurate  solvability 
had  been  denied  [1].  This  circumstance,  nevertheless, 
did  not  make  weaker  the  interest  to  the  problem,  taking 
into  account  high  practical  importance  of  asymmetric 
reflector  antennas.  Various  practical  methods  of  wave 
fronts  transformation  were  published,  and  in  a  number 
of  cases,  approximations  proved  to  be  satisfactory.  And 
although  the  problem  had  not  been  clarified  theoreti¬ 
cally,  doubts  in  validity  of  conclusions  of  the  work  [1] 
appeared,  what  stimulated  the  theoretical  investigations 
to  be  continued. 

In  the  work  [2],  the  rigorous  proof  was  given  of  the 
accurate  solution  to  the  problem  of  transformation  of 
wave  fronts  amplitude  distributions  in  the  general  case 
of  two-surface  systems  (reflectors  and  homogeneous 
lenses)  with  the  aim  to  optimize  their  energetic  char¬ 
acteristics. 

At  the  same  time  in  a  lot  of  cases,  the  problem  of  accu¬ 
rate  expedient  transformation  of  the  antenna  polariza¬ 
tion  characteristics  is  of  theoretical  and  practical  inter¬ 
est  as  well. 

On  the  example  of  homogeneous  two-surface  lens  (a 
particular  case  of  which  at  the  reactive  index  n  =  -1  is  a 
two-reflector  antenna),  the  following  theorem  has  been 
proved.  If  between  two  points  of  arbitrary  wave  fronts 
the  continuously-unique  conformity  is  given,  there  the 
two-surface  lens  produced  from  homogeneous  isotropic 
material  exists,  that  transforms 

the  input  wave  front  into  the  output  one.  The  proof  is 
based  on  the  existence  inside  medium  of  the  normal 
straightforward  congruence  of  beams  under  condition 


that  the  refracting  surfaces  of  lens  are  not  in  the  do¬ 
main  of  the  vector  field  caustic.  Vectors  of  the  refracted 
beams  between  lens  surfaces  are  described  by  the  Pfiiflf 
differential  equations,  which  are  integrated  when  the 
theorem  conditions  are  satisfied.  Thus,  under  given 
assumptions,  an  antenna  of  any  complexity  with  optical 
feeding  is  equivalent  to  the  generalized  two-surface 
lens. 

The  proof  of  existence  of  the  accurate  geometrooptical 
solution  is  based  on  the  normalized  equation  of  ener¬ 
getic  balance  in  different  cross-sections  of  a  beam-pipe. 
This  equation  does  not  depend,  in  particular,  on  polari¬ 
zation  direction  of  the  transformed  field  vectors,  and 
therefore,  has  certain  degrees  of  freedom.  The  latter 
means  availability  of  arbitrary  relation  between 
parametrizations  of  botlr  wave  fronts,  i.e.  ambiguity  of 
tire  solution  to  be  obtained.  In  particular,  this  relation 
can  represent  limitations  on  a  choice  of  symmetry  type 
of  the  amplitude  characteristics. 

Prescription  of  additional  requirements  to  transforma¬ 
tion  allows  to  eliminate  the  solution  ambiguity.  Just  so 
in  the  work  [3]  is  shown  that  the  adding  of  the  practi¬ 
cally  and  theoretically  important  requirement  of  expe¬ 
dient  transformation  also  of  the  antenna  polarization 
characteristics  (so-called  tire  equation  of  polarization 
balance)  leads  to  the  closed,  without  degrees  of  free¬ 
dom,  system  of  equations  to  be  solved  with  the  known 
methods  [4]. 

As  an  example,  in  1996  there  was  treated  the  ampli¬ 
tude-polarization  transfonnation  of  the  far-field  zone  of 
an  electric  dipole  (with  a  cross-polarization  component 
sharply  manifesting  itself)  into  the  homogeneous  in 
amplitude  and  polarization  field  of  plane  wave  in  the 
antenna  aperture.  Such  a  transfonnation  is  of  high 
applied  importance,  for  example,  in  radio  astronomy. 

It  is  shown,  that  the  equation  of  polarization  balance 
imposes  the  rigorous  conditions  on  a  choice  of  the  wave 
converter  architecture  (of  the  Gregorian  or  Cassegrain 
type).  In  this  case,  the  reflector  system  realizing  the 
specified  transformation  is  to  be  asymmetric,  and  just 
of  the  Cassegrain  type.  It  should  be  expected  that  the 
analogous  conclusion  will  take  place  in  tire  general  case 
of  the  geometrooptical  amplitude-polarization  trans¬ 
formation  of  tlie  input  field  into  the  output  one  as  well. 
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This  paper  reflects  the  state-of-the-art  of  a  new  and 
rapidly  growing  field  [1],  dealing  with  fiber-optic  sys¬ 
tems  for  anteima  signal  transmission.  The  two  principal 
configurations  of  fiber-optic  links  with  intensity 
modulation  and  direct  photodetection  (IMDD)  are 
analyzed,  using  direct  (DM)  and  external  modulation 
(EM)  of  optical  carrier  by  antenna  signals.  The  basic 
system  parameters  of  both  configurations  are  compared: 
frequency  bandwidth,  insertion  loss  of  RF  signals,  noise 
performance,  linearity  and  dynamic  range.  The  princi¬ 
pal  problems  are  formulated,  which  restrict  wide  appli¬ 
cations  of  fiber-optic  systems  for  antenna  signal  trans¬ 
mission  in  optically  based  anteimas  in  radar  and 
communication  electronic  complexes.  The  modifica¬ 
tions  of  fundamental  IMDD  fiber  link  schemes  are 
considered,  providing  successful  solution  of  mentioned 
problems.  Examples  of  practical  IMDD  fiber  link  ap¬ 
plications  are  discussed. 

INTRODUCTION 

Development  of  modem  high  performance  radar,  com¬ 
munication  and  monitoring  electronic  complexes,  util¬ 
izing  antenna  systems,  including  phased  arrays,  for  air- 
and  space-bora  applications,  requires  furtlier  decreas¬ 
ing  of  cost,  mass,  size  and  power  supply;  increasing  the 
operational  fi'equency,  bandwidth,  output  power,  sector 
and  rate  of  spatial  scanning. 

Future  antenna  systems  must  have  extended  functional 
possibilities  due  to  preliminary  signal  processing  in 
space,  time  and  spectral  domain  [2]. 

First  the  possibility  of  fiber-  and  integrated  optic  tech¬ 
nology  application  in  antenna  technique  was  realized  in 
[3]  for  phased  arrays.  At  present,  except  of  numerous 
review  publications  [4]-[5]  and  large  number  of  papers, 
several  monographs  are  issued  in  the  new  field  by  both 
anteima  and  fiber  optic  specialists  [6]-[7]. 

There  are  three  main  fields  in  antenna  technique, 
where  fiber-optic  and  optoelectronic  technologies  find 
now  successful  application:  (a)  fiber-  optic  systems  for 
antenna  signal  transmission  and  distribution;  b)  fiber¬ 
optic  systems  for  beamforming  and  beamsteering  in 
phased  arrays  and  (c)  fiber-optic  systems  for  data  proc¬ 
essing. 

This  paper  covers  the  first  topic,  dealing  with  fiber¬ 
optic  systems  for  antenna  signal  transmission. 


FIBER-OPTIC  SYSTEMS  FOR  ANTENNA 
SIGNAL  TRANSMISSION 

This  section  considers  the  two  principal  IMDD  fiber 
link  configurations,  using  direct  (DM)  and  external 
(EM)  modulation  of  optical  carrier  by  antenna  signals 
[8].  The  goal  of  such  a  consideration  is  to  compare  both 
DM  and  EM  techniques  in  terms  of  main  link  figures  of 
merit:  bandwidth,  loss,  and  noise  performance  in  the 
form  of  signal-to-noise  ratio  (S/N),  dynamic  range  and 
linearity. 


Fig.  1.  The  schematic  of  the  two  basic  fiber-optic  IMDD 
links  with  direct  (DM)  or  external  (EM)  RF  modulation  of 
the  optical  carrier 


The  Fig.  1  shows  the  schematic  of  the  two  principle 
fiber-optic  IMDD  link  configurations,  united  in  the 
same  hypothetical  block  diagram. 

In  the  DM  fiber  link  the  antenna  signal  is  imposed  onto 
the  laser  bias  current,  yielding  an  intensity  modulation 
of  the  optical  beam.  The  EM  based  fiber  link  use  a  laser 
operated  CW  to  drive  an  external  optical  modulator, 
which  imposes  the  RF  signal. 

Frequency  Bandwidth 

In  short  single  mode  fiber  links  the  bandwidtli  limita¬ 
tions  are  mainly  due  to  modulation  and  photodetection 
processes. 

Bandwidth  limitations  due  to  modulation:  The  band¬ 
widtli  performance  of  DM  fiber  link  modulating  device 
is  determined  by  the  relative  intensity  noise  (RIN) 
spectrum  of  the  laser  diode 

RlN{f)  =  {AP^{f))/P^  ,  (1) 

where  <A/^(/)>  is  the  spectral  density  of  the  square  of 
the  optical  power  fluctuation  and  Pq  is  the  dc  laser 
power.  The  frequency  /  of  LD  modulation  is  normally 
limited  by  Uie  relaxation  oscillation  frequency  fr.  The 
operating  DM  frequency  has  to  be  much  less  than  fr, 
because  in  the  vicinity  of  fr  laser  enters  the  self- 


Proceedings  of  the  3rd  International  Conference  on  Antenna  Theory  and  Techniques,  Sevastopil,  Ukraine,  8-11  Sept.  1999 


4 


oscillating  mode  and  instead  of  useful  modulation  im¬ 
poses  on  optical  carrier  the  relaxation  oscillations.  So 
maximum  bandwidth  of  DM  links  is  roughly  20  GHz, 
Fig.  2.  The  external  modulator,  that  typically  is  in  use 
in  EM  configuration  Fig.  1  is  an  electrooptic  travelling 
wave  device,  containing  an  optical  waveguide  structure 
in  the  form  of  Mach-Zehnder  interferometer  (MZI), 
embedded  into  LiNbOa  substrate,  over  which  a  micro 
stripe  electrode  pattern  is  deposited.  Accurate  matching 
of  optical  and  microwave  phase  velocities  gives  the  3- 
dB  electrical  bandwidth  of  70  GHz.  Simultaneous  im¬ 
provement  of  coupling  the  modulation  signal  onto  the 
electrodes  increased  the  bandwidth  to  94  GHz. 


FREQUENCY  (GHz) 

Fig.  2.  Summary  of  DM  and  EM  IMDD  link  gains  (losses 
of  RF  signal)  across  frequency  bands  [8] 

Bandwidth  limitations  due  to  photodetection:  The 
photodetection  bandwidth  limitations  are  common  for 
both  DM  and  EM  links  with  IDDD.  Most  of  the  photo¬ 
detectors  (PD)  now  have  p-i-n  semiconductor  stnicture 
and  operational  wavelengths  1.3-1.55  pm.  The  Fig,  3. 
shows  the  summary  of  reported  PD  bandwidths  versus 
responsivity. 


IdeBi  1300  nm  ResponsMty  Spo=  1  05  AAW 


10  100  1000 
3dB  Bandwidth  (GHz) 


Fig.  3.  Summary  of  reported  PD  bandwidths  versus 
responsivity  [8] 


Insertion  Loss 

Fibers  with  transmission  losses  (0.2-0. 5)  dB/km  are  in 
competition  with  coaxial  cables,  metallic  and  dielectric 


waveguides  with  loss  120  dB/km,  1  and  0.5  dB/m, 
correspondingly.  Insertion  loss  coefficient  in  directly 
modulated  fiber  link  Fig.  1  is  given  by  [1],  [8]  and  one 
could  estimate  the  order  of  loss  coefficient  magnitude 
ccdm  =  -(  15  -  35)  dB.  The  insertion  loss  of  RF  modu¬ 
lation  power  in  the  external  modulation  link  is  given  by 
[1],  [8]  and  is  estimated  to  be  about  -(35-60)  dB,  that  is 
approximately  30dB  worse  than  aoM  • 

Noise  Performance 

Signal-to-noise-ratio  (SNR):  In  any  IMDD  link  the 
total  noise  power  at  the  PD  output  is  contributed  by:  ail 
components  of  LD  noise  (Pld)',  short  noise  (F’^a),  arising 
from  the  photodetection  process;  and  thermal  noise, 
arising  from  modulation  device,  PD  and  LNA  (P^)  and 
also  from  ohmic  losses  in  matching  interfaces  between 
input  RF  link  and  LD  or  EOM  and  between  PD  and 
output  RF  link.  The  Fig.  4  shows  the  dependence  of 
(SNR)”’  on  photodetector  current  lo  and  link  loss  aoM  ■ 
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Fig.  4.  Noise-to-signal  ratio  (S/N)”‘  dependence  on  do 
photodetector  current  lo  and  loss  udm  for  typical  link 
parameters  [1] 
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Fig.  5.  Noise-to-signal  ratio  (S/N)  '  dependence  on  dc 
photodetector  current  h  and  loss  odm  for  typical  link 
parameters  and  /ca.4=  0.01  [1] 
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If  operational  bandwidth  is,  for  example,  AF=  \  GHz, 
SNR  is  estimated  to  be  within  30-50  dB.  The  corre¬ 
sponding  (SNR)~'  dependence  for  EM  is  depicted  in 
Fig.  5.  If  operational  bandwidth  is,  for  example,  AF=  \ 
GHz,  SNR  is  estimated  to  be  within  10-30  dB. 

Linearity 

The  nonlinearities  are  generated  mainly  in  the  optical 
source  module  and  potentially  in  any  amplifier,  oper¬ 
ating  in  large  input  signal  mode.  Thus  the  performance 
of  the  laser  and  externa!  modulator  must  be  examined 
to  determine  harmonic  and  intermodulation  signal 
levels.  In  spectral  domain  the  IMDD  links  look  like 
narrow  band  passband  RF  filters  with  bandwidths  less 
than  one  octave,  so  mentioned  harmonics  might  be 
filtered  in  optical  receivers  with  second  harmonic  sup¬ 
pression  ratio  more  than  50  dB.  That’s  why  in  narrow 
band  IMDD  links  the  primaiy  measure  of  nonlinearity 
is  the  two-tone  third  order  intermodulation  products 
(IMP).  The  IMP  level  is  typically  measured  at  the  link 
RF  output  for  the  two  input  RF  signals  at  closely  spaced 
frequencies  f\  and^.  Interaction  with  nonlinear  char¬ 
acteristics  of  LD  or  EOM  leads  to  the  appearance  of  not 
only  liigher  harmonics  of/, 2,  but  also  of  intermodula- 
tion  overtones  of  third-order  at  frequencies  2/  -/  and 
2/2-/ ,  inside  link  bandwidth. 


noise  floor  and  the  fundamental  output  power,  which 
produces  IMD  term  of  equal  amplitude  to  the  noise 
floor.  By  another  words,  the  IMFDR  is  the  third  order 
IMD-free  range  of  input  RF  power  for  which  the  fun¬ 
damental  signal  power  at  the  link  output  is  above  tlie 
noise  floor.  It  is  important  to  note,  that  while  the  SNRo 
has  the  dimension  of  dB  in  IHz  bandwidth  (dB-Hz),  the 
IMFDR  being  measured  in  1  Hz  bandwidth,  has  the 
dimension  of  dB-Hz  If  anteima  signal  consists  of 
single  RF  carrier,  the  DR  of  fiber  link  has  the  form  of 
compression  dynamic  range  (CDR).  The  IMFDR  of 
direct  modulated  IMDD  fiber  link  depends  on  LD  type 
used.  The  DM  links  on  the  basis  of  Fabiy-Perot  (FP) 
laser  diodes  has  lower  IMFDR  than  that,  based  on 
DFB  lasers,  because  DFB  lasers  have  less  RIN  and 
more  linear  light-current  dependence;  IMFDR  pp  »  105 
dB•Hz^^  IMFDR  dfb  «  120  dB-Hz^^  .  The  techniques, 
which  improve  RIN  by  using  an  optical  isolator  and 
low  back-reflection  photodetector,  permitted  a  FP  laser 
link  to  have  approximately  the  same  IMFDR  as  tlie 
DFB  laser  link  [8]. 

The  IMFDR  of  an  external  modulated  IMDD  fiber  link 
is  dominated  by  the  external  modulator  type  used  and 
average  optical  power.  However,  the  IMFDR  for  EM 
fiber  link  using  a  standard  Mach-Zhender  modulator  is 
about  tlie  same  as  for  a  DFB-based  DM  fiber  link. 


In  direct  modulation  IMDD  fiber  link  nonlinear  distor¬ 
tions  appear  mainly  due  to  injection  LD,  which  is  an 
active  source  of  distortions  [9].  The  tliird  order  inter¬ 
modulation  product  (IMP)  is  shown  to  have  the  fonn 


where  Pg  is  time  averaged  photon  density,  (a,)  are 


the  modified  Bessel  functions  of  the  xth  order  and  a„  i 
=  1,2  are  steady  state  solutions  for  output  amplitudes  of 
photon  densities  of  both  optical  test  signal  components. 


In  external  modulation  IMDD  fiber  link  nonlinear 
distortions  appear  mainly  due  to  EOM,  which  is  a  pas¬ 
sive  source  of  distortions  [9].  The  third-order  inter¬ 
modulation  product  at  frequency  2ai2-07  may  be  esti¬ 
mated  as  follows 


In  practice  experimental  data  is  used  to  characterize 
both  DRs  in  any  concrete  situation.  Fig.  6. 
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2"2c02-e.i  =-PjW max'll («V2(«)cOS^sin(2c02  -C0i>,(3) 

where  a  =  'kVj„IV^  ,  Vm  is  the  applied  voltage,  Ris  tlie 
bias  voltage  Vg ,  required  for  100%  modulation  or  for 
full  on-to-off  optical  switching. 

Dynamic  Range 

If  antenna  signal  consists  of  multiple  RF  carriers,  the 
dynamic  range  (DR)  of  fiber  link  has  the  form  of  in¬ 
termodulation-free  DR  (IMFDR).  Following  [8]  and 
[9],  the  IMFDR  is  the  maximum  difference  between  the 


Pin,  dBm 

Fig.  6.  Measured  dynamic  range  of  the  experimental 
external  modulated  fiber-optic  link  at  900  MHz  [9] 

Direct  vs.  External  Modulated  Fiber  Link:  What  Is 
Better? 

To  answer  the  question  it  is  necessary  to  summarize  the 
significant  properties  of  both  configurations; 
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•  The  unavoidable  loss  of  the  modulator  always 
makes  external  modulation  have  20-30  dB  lower 
gain. 

•  In  the  EM  link  the  post-amplifier  and  PD  thermal 
noise  are  dominant  compared  with  LD  noise,  the 
SNR  is  less  compared  with  DM  link. 

•  Direct  modulation  links  operate  at  f{fr,  where 
laser’s  RIN  is  large. 

•  When  large  input  signal  level  Pt  must  be  accom¬ 
modated,  the  DM  fiber  link  will  seriously  degrade 
in  S/R  due  to  uncreased  RIN. 

•  External  modulated  links  can  use  lasers  with 
f))fr .  In  this  case,  the  laser  contribution  to  the 
link  noise  can  be  negligibly  small. 

Summarizing  tlie  mentioned  above  conclusions,  the 
traditional  answer  usually  was  [8],  that  of  course,  it  is 
better  to  modulate  LD  directly,  than  to  use  it  as  optical 
source  for  external  modulator. 

However,  small  nonlinearities,  high  DR  and  possibility 
of  link  gain  improvement  make  EM  fiber  link  more  and 
more  attractive  for  numerous  antenna  applications. 

MODIFICATIONS  OF  FUNDAMENTAL  IMDD 
FIBER  LINK  CONFIGURATIONS 

Modifications,  Caused  by  the  Problem  of  Frequency 
Bandwidth 

Comparison  of  bandwidth  limitations  in  IMDD  fiber 
links  due  to  modulation  and  photodetection  processes 
shows,  that  while  the  latter  may  be  done  up  to  350 
GHz,  modulation  may  be  performed  in  considerably 
less  bandwidth.  The  problem  of  modulation  bandwidth 
can  be  principally  solved  by  using  the  coherent  method 
of  remote  heterodyning  [10],  where  the  classic  modula¬ 
tion  process  is  absent,  but  millimeter  and  even  submil¬ 
limeter  harmonic  signals  can  be  obtained  by  interferen- 
tion  in  PD  active  volume  of  the  two  optical  carriers, 
sliifted  in  frequency  domain  to  the  desired  RF  beat  note 
reference  [11]-[12]. 

Generation  of  the  two  offset  tuned  optical  components: 
The  main  difficulties  of  tliis  generation  in  practice  are 
due  to  multifrequency  character  of  LD  output  spectrum 
and  random  fluctuation  of  spectrum  parameters  due  to 
natural  and  technical  reasons.  Natural  fluctuations  are 
connected  with:  (a)  the  single  mode  LD  instability 
(mode  hopping),  caused  by  temperature  and  age  effects 
and  (b)  quantum  fluctuations  of  frequency  and  phase  of 
optic  field,  which  determine  tire  line  width  of  generated 
mode  Av  and  instantaneous  frequency  inside  Av.  Tech¬ 
nical  fluctuations  are  conditioned  by  high  sensitivity  of 
the  frequency  to  the  variations  of  LD  temperature  and 
pump  current  -  120  GHz/degr  and  (1-5)  GHz/mA, 
respectively. 


At  present  the  mode  hopping  problem  is  successfully 
resolved  by  using  the  LD  with  distributed  feedback 
(DFB)  or  distributed  Bragg  reflectors  (DBR),  where  the 
boundaiy  between  p-  and  n-  semiconductor  areas  for 
file  whole  length  or  only  near  the  LD  facets,  respec¬ 
tively,  has  the  corrugated  form,  supporting  the  stable 
single  longitudinal  mode  generation  [13].  The  technical 
fluctuations  of  LD  spectrum  are  eliminated  by  fre¬ 
quency  etalon  in  the  form  of  Fabiy-Perot  optical  reso¬ 
nator  or  gas  cell  with  super  narrow  transmission  spec¬ 
trum.  Frequency  stabilization  is  also  performed  by 
optoelectronic  feedback  systems,  where  the  error  signal, 
proportional  to  frequency  shift,  controls  the  LD  tem¬ 
perature  and  pump  current.  Mentioned  systems  provide 
relative  frequency  instability  of  (A/ /  fo)  =  10”'^-  10"” 
for  100  j  [14].  Returning  back  to  the  effect  of  quantum 
frequency  and  phase  fluctuations  on  relative  frequency 
instability  (A/  /  fo)  of  the  two  off-set  tuned  LD,  note, 
that  instantaneous  optic  frequency  of  both  LD  randomly 
changes  in  fire  vicinity  of  their  Av.  If  both  variations 
are  independent,  the  beat  frequency  bandwidth,  cen¬ 
tered  at  differential  frequency  /o=  v;  -  v’2  is  twice  an 
each  LD  bandwidth;  A/=  2Av,  otherwise,  Af  —>0  inde¬ 
pendently  on  Av. 

Semiconductor  InGaAs  lasers  of  DFB  and  FP  types, 
operating  at  L  =  1.5  pm  have  Av  =  (10-300)  MHz,  that 
corre.sponds  for/o  =  30  GHz  to  the  relative  frequency 
instability  A///o~  (10"^  -  10'^)  [15].  This  value  is  not 
suitable  for  antemia  applications  in  present  electronic 
complexes,  which  require  at  least  Af/f  ~  (lO""^  -  10'*) 
[16].  To  improve  this  performance,  LD  with  less  Av 
should  be  used  or  frequency  and  phase  correlation 
should  be  introduced  of  both  lasers.  In  one  method  of 
LD  line  width  narrowing  it  locates  inside  high  quality 
optical  resonator:  under  weak  coupling  to  resonator  A  v 
=  1  MHz  was  obtained,  that  is  corresponded  to  Af /fo  ~ 
10"’’,  and  under  strong  coupling,  respectively,  Av=  15 
kHz  and  A///o  ~  10'*  [17].  Another  method  of  beat 
signal  line  width  narrowing  is  based  on  correlation 
improvement  of  phase  (and  frequency)  fluctuations  of 
both  lasers  by  external  injection  locking  of  each  LD  as 
slave  ones  from  master  LD  with  much  less  Av  [11]- 
[12]. 

For  injection  locking  of  two  offset  tuned  LD,  the  master 
LD  is  modulated  by  hannonic  signal  -with  the  frequency 
F.  so  that  2kF  =/o  =  (v;  -  V2),  k=  1,  2,...,  .  By  this  way 
output  spectrum  of  master  LD  acquires  components  at 
frequencies  of  the  two  slave  LD  Vi,2  =  vo  ±  kF,  k  =  1, 
2,  ...  .  Injection  locking  improves  correlation  of  phase 
fluctuations  in  both  lasers,  leading  to  the  narrowing  of 
A/ independently  of  the  A  v  values  in  each  LD.  By  this 
method  the  values  of  Af  and  Af  /  fo  were  obtained  as  20 
MHz  H  10'^,  respectively. 

Better  Af  narrowing  may  be  obtained  by  injection 
locking  of  the  two  longitudinal  modes  inside  DFB  la- 
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ser:  A/’=  10  kHz  and  tif  / fo  ~  10'®  [18],  This  method 
was  also  realized  in  fiber  version  of  DFB  laser  [19], 
which  is  more  convenient  to  conjugate  with  optical 
fiber,  than  conventional  semiconductor  LD.  This 
structure  with  the  two  longitudinal  modes  detuned  on  fa 
=  Vi  -  V2  =  40  GHz,  provided  Av=  900  Hz  and  A//yi  ~ 
0.5  •10’"'  even  without  external  injection  locking  [20], 

To  solve  the  bandwidth  problem  by  coherent  interfer- 
entional  technique,  it  is  necessary  to  ensure  the  narrow¬ 
est  line  width  of  both  single  mode  LD  (or  both  modes 
in  single  LD),  stable  position  of  mode  frequencies  and 
high  level  of  frequency  and  phase  correlation  between 
interacting  optical  components.  Simultaneous  applica¬ 
tion  of  mentioned  methods  [14]  provides  A/=  10“^  Hz, 
that  is,  A//7o  ~  3.10"'^. 

Modifications,  Caused  by  the  Insertion  Loss 
Problem 

In  the  case  of  antenna  signal  distribution  between  M 
remote  customers  including  modules  of  phased  arrays, 
real  loss  in  a  single  channel  is  201gM  dB  bigger  than 
dDHEM-  Extra  big  loss  limitation  by  -25  of  the  number 
Mmax  of  antenna  channels,  fed  by  single  opdc  source, 
decrease  SNR  and  dynamic  range  of  distributed  signals, 
require  multistage  electronic  amplifiers,  that  compli¬ 
cates  the  total  system,  increases  its  mass,  cost  and 
power  supply.  As  a  result,  fiber  optic  system  may  lose 
in  competition  with  traditional  microwave  transmission 
systems.  The  insertion  loss  problem  may  be  successfully 
resolved  by  modification  of  classic  configurations  Fig.  1 
on  the  basis  of  erbium  doped  fiber  amplifiers  (EDFA). 
Compared  with  semiconductor  optical  amplifiers  and 
non-linear  (Raman)  fiber  amplifiers,  EDFA  have  the 
advantages  [21]:  low  insertion  loss  (<  1  dB)  with  more 
than  30  dB  gain,  which  is  insensitive  to  light  polariza¬ 
tion;  more  than  10  dBm  saturation  power;  low  crosstalk 
for  several  amplified  signals;  low  insertion  noise  with 
the  quantum  limit  level  (3-4  dB);  good  reproducibility 
of  spectra]  amplification  dependence  for  all  samples; 
low  rippled  and  weakly  temperature  dependent  gain  as 
a  function  of  wavelength.  Disadvantages  of  EDFA: 
operates  only  at  2,  =  1 .5  pm  optical  wavelength;  re¬ 
quires  additional  components:  optical  pump  source 
with  output  power  50-100  mW,  selective  optical  cou¬ 
pler  and  optical  isolators;  can’t  be  manufactured  on 
integrated  optic  basis.  A  travelling  wave  EDFA  sche¬ 
matics,  presented  in  Fig.  7,  contain  three  main  ele¬ 
ments:  Er-doped  fiber  4,  selective  optic  coupler  2  and 
semiconductor  laser  pump  source  1. 

Optical  isolators  3  and  bandpass  filters  5  provide  tlie 
elimination  of  fiber  end  reflection  effects  on  optic  sig¬ 
nal  source  operational  mode  and  makes  the  filtration  of 
the  amplified  spontaneous  emission  for  SNR  increas¬ 
ing,  respectively.  Reflection-type  EDFA  in  Fig.  7b 
provides  higher  differential  amplification  6  (amplifica¬ 
tion  in  dB  per  1  mW  of  pump  power  Pp)  tliat  gives 


more  effective  utilization  of  pump  power  but  increases 
EDFA  sensitivity  to  Pp  fluctuations.  Low  threshold 
pump  power  Pn  ,  required  for  total  transparency  of 
fiber,  is  typical  for  the  reflection-type  EDFA.  For  Pp  = 
18mW  and  0  =  1.1  dB/mW  the  reflection-type  EDFA 
has  Gmax  =  20  dB.  Traveling  wave  EDFA  under  the 
same  conditions  provides  only  G  =  2-3  dB  and  twice 
lower  9  value. 


Fig.  7.  Structural  configurations  of  travelling  wave  (a) 
and  reflection  type  Erbium-doped  fiber  amplifiers  [21] 


Modifications,  Caused  by  the  Problem  of  Phase 
Stability 

The  problem  of  phase  stability  is  conunon  for  both  DM 
and  EM  IMDD  fiber  links  [1],  This  problem  arises 
every  time  when  it  is  necessaty  to  distribute  in-phase 
harmonic  signals  (or  digital  signals  witliout  mutual 
delays)  to  several  remote  antennas  of  long  base  line 
radio  interferometers,  multipositional  radars  and  mod¬ 
ules  of  phased  arrays.  For  mentioned  above  applications 
parasitic  phase  difference  between  adjacent  channels 
should  not  exceed  1-5°  [22].  The  tliermal  sensitivity  of 
modulation  signal  phase  O  is  usually  characterizing  by 
the  thennal  phase  sensitivity  (7PSJ  coefficient 


So,  temperature  variation  AT  causes  at  the  output  of 
fiber  link  the  L  -dependent  parasitic  phase  sliift 

=  (5) 

For  the  fiber  with  silica  core  and  polymer  cladding 
dNjNdT^l-W^  1/degr,  tfL/IrfP  « (5-10'’ -  3-10’®) 
1/degr,  {LjN)dNldL  «-0.22,  and  the  TPS  value  may  be 
estimated  as  Kf  »(7-10’®  -  3-10’®)  1/grad.  If  AT  = 
10  °K,  Z  =  100  m  and/o  =  30  GHz,  then  A<1> « (6.4- 
27.5)  radians  or  (367-1576)  degrees  that  exceeds  the  re¬ 
quirements  for  mentioned  applications.  Transfonnation 
of  IMDD  fiber  link  into  phase  stabilized  ones  requires 
link  modification  on  the  component  [23],  system  [24] 
or/and  structural  [25]  basis.  Fiber  channels,  providing 
AO  =(1-5)  degrees  are  usually  called  phase  stabilized 
fiber  links.  The  structural  method  of  phase  stabilized 
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fiber  link  modification  [25]  uses  instead  of  traditional 
fiber  length  the  extended  optical  filters,  Fig.  8. 


Fig.  8.  Phase  stabilized  fiber  optic  link  with  lengthened 
transversal  optical  filter  [25] 


This  method  docs  not  need  neither  complicated  and 
costly  phase  stabilized  fibers  as  in  the  component  ap¬ 
proach,  nor  the  additional  costly  apparatus  as  in  the 
system  approach  and  stabilizes  the  electrical  (for  RF 
envelope)  lengtli  of  the  fiber  optic  link  over  a  wide 
range  of  environmental  temperature.  Structural  method 

provides  »  2  •  10“®,  stabilizing  the  level  of  parasitic 
phase  to  Ad)  =  ±1  degrees  for  the  environmental  tem¬ 
perature  range  15-100°C. 

EXAMPLES  OF  PRACTICAL  IMDD 
FIBER  LINK  APPLICATIONS 

Transmission  of  Microwave  Signals  to 
and  from  a  Satellite  Antenna 

The  satellite  and  ground  based  fiber-optic  distribution 
systems  are  used  to  transmit  microwave  signals  from 
CPU  to  and  from  remote  antennas  located  both  on  sat¬ 
ellite  board  and  on  the  ground  [26]-[27].  In  [28]  the 
DM  IMDD  fiber  link  is  used  for  the  transmission  of  the 
500-MHz  C-band  microwave  signal  spectrum  to  and 
from  ground  based  10-m  satellite  antenna,  transmittirig 
and  receiving  the  4  GHz  signal  from  the  AT&T  Telstar 
T-302  satellite.  Satellite  signals,  composed  of  typically 
3-4  video  signals,  1-2  sets  of  60  Mbit/s  QPSK  signals 
and  several  sets  of  3.088-Mbit/s  QPSK  signal,  is  trans¬ 
mitted  over  distances  of  up  to  20  km  with  1  dB  or  less 
of  degradation  in  SNR  for  video  and  digital  signals. 
The  minimum  reduction  of  SNR  due  to  fiber  link,  ex¬ 
pressed  in  noise  figure  (NF  =  SNEi/RNRout)  was  about 
NF  =  2.5  dB  under  tlie  APD’s  gain  of  39  dB.  The  total 
IMD  level,  mainly  generated  by  LD,  was  about  -42  dBc 
under  -5  dBm  of  input  modulation  power.  The  IMFDR 
and  CDR,  estimated  on  the  basis  of  experimental  data, 
were  about  27.5  and  39  dB,  respectively,  that  was  ac¬ 
ceptable  for  system  operation. 

Fiber-optic  links  provide  meeting  the  phase  noise  and 
signal-to-noise  specifications  of  modem  radars  [29].  In 
tliat  work  fiber  channel  was  used  remote  the  transmitter 
and  antenna  of  the  AN/SPQ-9B  radar  in  transmit  con¬ 
figuration.  In  [30]  the  same  demonstration  was  per- 
fomied  to  demonstrate  the  receive  configuration.  Fig.  9. 

The  AN/SPQ-9B  radar  specifications  in  receive  chan¬ 
nel  gain,  noise  figure  and  compression  dynamic  range 


(CDR)  are  0  dB,  <  22  dB  and  >  -8.5  dBm,  respectively. 
Fiber-optic  link  with  direct  modulation,  being  imple¬ 
mented  in  radar  configuration  as  shown  in  Fig.  9,  of¬ 
fered  -0.09  dB,  18  dB  and  -4  dBm,  respectively.  Fiber¬ 
optic  link  with  external  modulation  offered  0.06,  16  dB 
and  -10  dBm,  respectively.  The  SNRs  measured  with 
DM  and  EM  fiber  links  were  slightly  lower  than  that, 
measured  for  the  baseline:  82.3  and  81.5  dB,  respec¬ 
tively  against  82.6  dB  in  baseline. 


Fig.9.  The  simplified  stuctural  configuration  oftiie‘*AN/SPQ-9B 
Radar  with  the  receiver  fiber  link  [30] 


The  Indirect  Phase  Locking  of  Ka-Band  Free 
Running  Impatt  Oscillator  of  Antenna  Array 
Module 

In  accordance  with  remote  data  mixing  configuration 
[31]  the  feed  to  each  module  is  comprised  of  two  fiber¬ 
optic  links  100  m  long.  Fig.  10.  The  LDl  of  fiber  optic 
synchronizing  linl<  with  3  dB  bandwidth  of  6.3  GHz  is 
directly  modulated  in  a  large  signal  mode  by  an  8dBm 
input  power  from  a  master  oscillator  at  3.246  GHz.  In 
tliis  mode  of  operation  LD  generates  higher  order  har¬ 
monics,  and  the  fourth  order  harmonic  at  12.986  GHz 
is  detected,  amplified  and  used  to  subharmonically 
injection  locking  an  IMPATT  oscillator  at  38.96  GHz, 
tliat  is,  on  the  twelfth  harmonic  of  the  master  oscillator. 
A  locking  range  of  over  100  MHz  was  achieved.  The 
fiber  optic  data  communication  link  carries  the  IGHz 
bandwidth  communication  signal  and  imposes  it  on 
Ka-band  carrier  in  nonlinear  mixer.  The  LD2  of  data 
link  with  3dB  bandwidth  of  1.6  GHz  is  modulated  by 
FM  signal  at  GHz  with  modulation  index  p  =  0.85, 
providing  the  IMD  level  of  D[md  ~  -(28-9)  dBc  for  m  = 
0.1-O.9. 


Fig.  10.  Experimental  set-up  for  indirect  subharmonic 
synchronization  of  Ka-band  IMPATT  oscillator 
by  S-band  master  oscillator  [31] 
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Multichannel  Transmission,  Utilizing  Er-Dopcd 
Fiber  Amplifier 

Optical  Er^^-doped  liber  amplifiers  (EDFA)  are  used  in 
the  frequency  division  multiplexing  (FDM)  system,  Fig. 
11  for  distribution  and  transmission  of  5  GHz-spaced, 
16-channel  IM  signals  at  a  bit  rate  of  622  Mbit/s.  Four 
from  sixteen  DFB  LDs,  operating  at  X  =  1543  nm  and 
stabilized  in  frequency  at  5  GHz  inten'als,  were  inten¬ 
sity  modulated  by  LiNbOs  EOM  with  non-retum-to- 
zero  (NRZ)  pseudo  random  code.  The  EM  light  beams 
were  multiplexed  and  distributed  by  a  16x16  star  cou¬ 
pler.  Multiplexed  signals  at  one  of  the  output  ports  of  a 
coupler  were  coupled  to  the  EDFA  with  a  length  of 
90  m.  The  1.48  pm  LD  with  output  optical  power  of 
80  mW  were  used  as  pump  lasers.  Optical  isolators 
prevented  EDFA  from  lasing. 


LD  1  EOM  Er  -  DOPED  EXTENDED 


Fig.  11.  Experimental  set-up  of  16-channei  optical  FDM 
distribution/transmission  experiment  utilizing  Er®"'-doped 
fiber  amplifier  [32] 


After  transmission  the  13  km-long  single  mode  optical 
fiber  the  optical  band-pass  filter  (OBPF)  with  2  nm 
bandwidth  absorbed  the  spontaneous  emission  of 
EDFA.  The  channel  position  in  frequency  domain  is 
then  selected  by  frequency  selective  switch  (FSSW) 
providing  the  interchannel  crosstalk  less  than  -20  dB. 
A  GaAs  APD  and  FET  circuit  was  used  as  the  receiver 
for  direct  detection  with  single-channel  sensitivity  - 
39.1  dBm,  which  is  degraded  by  1.1  dB  to  38  dBm  for 
16-channel  transmission.  A  signal  gain  of  more  than 
15  dB  per  channel  was  achieved  in  the  experiment.  At 
the  output  of  post  APD  amplifier  the  signal  level  was 
1.0  dBm  for  single-channel  transmission  and  -12.8 
dBm  for  16-channel  transmission. 

Fig.  12  illustrates  another  version  of  EDFA  application 
in  analog  fiber-optic  link  [33].  A  broadband  and  gain 
flattened  EDFA  is  used  with  a  flat  amplification  band¬ 
width  of  54  run  by  employing  a  parallel  configuration/ 
The  amplifier  consists  of  1.55  pm-band  and  1.58  pm- 
band  EDFA  units.  The  input  13  channel  signals  to  each 
EDFA  unit  and  the  output  signals  from  the  units  were 
multiplexed  and  demultiplexed  using  1.55/1.58  pm- 
band  WDM  coupler,  respectively.  The  broadband  fiber 
channel  was  shown  to  demonstrate  the  flat  amplifica¬ 
tion  for  the  signal  wavelength  regions  of  1530  - 
1560  nm  and  1576-1600  nm  with  a  gain  non¬ 
uniformity  of  <  1.7  dB  and  a  signal  gain  of  30  dB. 


1,55  iim  band  EDFA  Urtl 


Fig.  12.  Broad  band  and  gain-flattened  fiber  link  with 
Er^^  fiber  amplifier  [33] 


SUMMARY 

Optical  fibers  find  now  application  in  the  three  princi¬ 
pal  areas  of  antenna  teclmique:  (a)  fiber-optic  ^sterns 
for  antenna  signal  transmission  and  distribution;  (b) 
fiber-optic  systems  for  beamfonning  and  beamsteering 
in  phased  arrays;  (c)  fiber-optic  systems  for  data  proc¬ 
essing.  The  first  topic,  being  the  fundamental  for  all  the 
rest  ones  is  described  here  in  detail.  The  two  principal 
direct  detection  configurations  are  analyzed  and  com¬ 
pared,  using  direct  and  external  intensity  modulation  of 
optical  carrier  by  antenna  signals.  The  principal  prob¬ 
lems  are  fonmilated,  which  restrict  wide  application  of 
optically  based  antennas.  The  modifications  of  funda¬ 
mental  fiber  link  schemes  are  considered,  providing 
successful  solution  of  principal  problems.  Examples  of 
practical  fiber  link  applications  are  discussed. 
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ABSTRACT 

The  properties  of  black  body  SHF  models  which  are 
artificial  sources  of  radio  noise  radiation  and  methods 
for  antenna  parameters  measuring  with  the  help  of 
«hob>  radiators  (at  radiation  temperatures  of  1000  -i- 
100000  K)  are  given.  In  the  radiators  it  is  possible  to 
control  dimensions  of  the  radiating  aperture,  polariza¬ 
tion  and  temperature  of  radiation.  The  hot  radiators  are 
certified  by  means  of  tlie  national  standard  black  body 
thermal  model  with  the  error  not  more  than  2-4%. 

ARTIFICIAL  RADIATORS 
FOR  ANTENNA  MEASUREMENTS 

The  antenna  parameters  measured  by  classic  methods 
at  a  narrow  frequency  band  can  be  changed  appreciably 
in  case  of  the  bandwidth  broadens  and  the  signal  spec¬ 
trum  changes.  Radiometric  methods  based  on  the  use  of 
artificial  noise  radiators  allow  to  measure  antenna  pa¬ 
rameters  over  a  required  frequency  range  of  the  investi¬ 
gated  radiation. 

Radiometric  methods  of  the  antenna  measurements 
have  been  developed  since  the  fifties  on  the  basis  of  the 
use  of  radiation  of  both  the  heavenly  bodies  and  tlie 
artificial  radiator  so-called  «the  black  disk».  It  is  a 
plate  made  of  a  microwave  absorber  material.  The 
black  disk  is  placed  against  a  «cold»  sky  background  in 
the  far-field  region  or  in  the  Fresnel  region  of  a  test 
antenna  and  signals  received  by  the  antenna  from  the 
sky  and  the  disk  are  compared.  A  black  disk  radiation 
temperature  is  near  the  standard  temperature  (290  K). 
The  black  disk  method  is  considered  as  one  of  the  most 
exact  those  (the  error  is  not  more  than  5-10%  [1],  7- 
14%  [2]).  In  this  method  it  is  necessary  to  direct  the 
principal  efforts  towards  accounting  of  external  radia¬ 
tions  (of  local  objects,  of  a  background,  re-reflections 
from  the  source  and  so  on).  The  antenna  pattern  side 
lobes  were  registered  by  the  black  disk  method  at  tlie 
level  of  13-17  dB  [3],  15-20  dB  [4]. 

Consider  the  properties  of  the  thermal  radiator-  black 
disk. 

1.  The  disk  is  in  the  thermodynamic  equilibrium  with 
the  environment  at  temperature  T.  The  field  on  the 
radiating  aperture  of  the  disk  has  the  correlation  area 
a>%?lTi,  where  "k  is  the  radiation  midband  wavelength. 

2.  The  isotropic  radiation  (without  interference  effects) 
is  formed  near  the  geometric  radiating  surface,  at  the 
far-field  distance  R  of  the  correlation  area,  R  >  lalk. 


3.  The  radiation  polarization  is  chaotic  as  a  rule. 

4.  The  noise  power  spectral  density  (NPSD)  and  the 
noise  temperature  of  the  isotropic  radiation  are  deter¬ 
mined  by  thennodynamic  temperature  T  and  emissivity 
8  (the  absorption  coefficient)  of  a  material  by  =  eT;  G 
=  kTi\  (as  a  consequence  of  Kirchhoffs  and  Rayleigh- 
Jeans'  laws),  where  k  =  1.3806x10“^^  W/K/Hz  (the 
Boltzmaim's  constant). 

5.  The  radiation  pattern  is  like  Lambert's  pattern,  i.e. 
Ts(9,(p)  =  s(ft,(p)7’  =  sfcosS. 

There  is  no  need  of  orienting  precisely  the  radiator 
electrical  axis  on  a  receiving  antenna. 

6.  An  effective  area  of  tlie  radiating  aperture  is  equal  to 
the  geometric  area  of  tlie  disk,  i.e.  Ai=  Sa. 

7.  If  the  half-power  beamwidth  of  a  receiving  antenna 
is  larger  than  the  angular  size  of  the  radiating  aperture, 
a  diffraeted  wave  and  a  radiation  pattern  of  a  couple 
«disk-antenna»  appear.  In  order  to  take  into  account 
tliis  field  it  is  necessaiy  to  introduce  a  diffraction  cor¬ 
rection  for  a  noise  temperature  measurement  of  the  disk 
[1,  2]. 

In  radio  astronomy  of  tlie  Sun  for  the  absolute  calibra¬ 
tion  the  standard  field  method  is  used.  A  standard  field 
source  comprises  a  calculated  pattern  horn  with  a  cali¬ 
brated  transmitter  [5].  For  the  transmitter  power  to  be 
calibrated  by  the  resistor  thermal  noise  it  is  possible  to 
change  the  calibrated  transmitter  by  a  calibrated  noise 
generator.  The  noise  temperature  of  that  source  is  much 
more  than  290  K.  It  is  the  «hob>  radiator.  The  method 
of  tlie  standard  field  enables  one  to  decrease  the  meas¬ 
urement  error  down  to  1  %. 

Consider  the  properties  of  the  radiator  in  the  form  of  an 
directional  antenna  with  a  noise  generator. 

1.  The  correlation  area  on  the  radiating  aperture  is 
equal  to  the  antenna  effective  areaxle. 

2. The  isotropic  radiation  is  formed  at  a  far-field  dis¬ 
tance  Ro  of  the  antenna,  Ro>  lAJk. 

3.  The  radiation  polarization  is  determined  by  an  ei¬ 
genvector  of  the  antenna  polarization. 

4.  A  monomode  spectral  radiance  of  the  isotropic  ra¬ 
diation  is  equal  to  J5  =  ZxkTr^H-n', 

where  8i=Ti{l-[(SWR-l)/(SWR+l)f}, 
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^ng  is  the  noise  generator  radiation  temperature;  ri  is 
the  antenna  efficiency;  the  standing-wave  ratio  (SWR) 
in  the  antenna  feed  line  describes  a  matching  between 
the  antenna  and  tlie  noise  generator.  In  the  radiating 
aperture  electrical  centre  =  sifng.  fs-distribution 
across  the  radiating  aperture  falls  to  its  edges. 

5.  It  is  important  to  orient  precisely  the  radiator  electri¬ 
cal  axis  on  the  receiving  antenna.  The  radiation  pattern 
7’s(9,(p)  is  determined  by  the  antenna  parameters. 

6.  The  effective  area  of  the  radiator  is  equal  to  the  ef¬ 
fective  area  of  the  antenna,  i.e. 

7.  It  is  necessary  to  take  into  account  a  secondaiy'  ra¬ 
diation  pattern  of  a  couple  of  antennas. 

We  see  tliere  is  a  large  difference  between  the  radiation 
pattern  of  the  radiator  in  the  form  of  the  directional 
antenna  with  the  noise  generator  and  Lambert’s  pat¬ 
tern.  Therefore,  it  is  possible  to  attribute  the  value 
only  into  a  small  solid  angle  round  the  antenna  electri¬ 
cal  axis.  The  angle  has  to  be  the  same  under  conditions 
of  the  calibration  and  of  the  measurements  of  antenna 
parameters.  When  calibrating  it  is  possible  to  place  the 
receiving  antenna  only  in  the  far-field  region  of  the 
radiator. 

Now  let  us  consider  properties  of  a  radiator  in  the  fonu 
of  an  array  of  identical  noise  sources  consisted  of  low 
directional  antennas  with  a  matching  noise  generator. 
This  is  a  non-phased  antenna  array  (NPA4).  [6,7] 

1 .  The  correlation  area  is  equal  to  an  effective  area  of 
the  partial  antenna,  aj  >  X'^/n. 

2.  The  isotropic  radiation  is  formed  at  a  far-field  dis¬ 
tance  of  the  partial  antenna,  R  >  2o\IX. 

3.  The  radiation  polarization  is  detennined  by  the  sum 
of  eigenvectors  of  the  partial  antenna  polarization. 

4.  A  monomode  spectral  radiance  of  the  isotropic  ra¬ 
diation  is  equal  to  B  =  NzfTj.Jl'n.-,  where  N  is  the  num¬ 
ber  of  partial  antennas  in  the  NPAA. 

On  the  radiating  aperture  =  e,  Tng. 

The  Ts-distribution  is  nonunifonn  on  the  radiating 
aperture  but  if  the  NPAA  intercepts  the  half-power 
beamwidth  of  the  receiving  antenna,  the  parameter 
((average  radiation  temperature  T  on  the  aperture»  is 
used. 

5.  The  radiation  pattern  7’3({I,9)  of  the  NPAA  is  deter¬ 
mined  by  that  of  a  partial  antenna  by 

7’3(9,(p)  =  e(9,cp)f=e,F(a,(p)r. 

There  is  no  need  to  orient  precisely  the  radiator  electri¬ 
cal  axis  on  the  receiving  antenna. 

6.  The  radiating  aperture  effective  dimension  =  Do  + 
2p),  where  Do  is  the  radiating  aperture  geometrical 
dimension,  the  boundaiy  of  which  passes  over  centres 


of  the  NPAA’s  external  partial  antennas  and  pi  is  the 
correlation  radius  of  a  radiating  element. 

Pi  =  0.5(7,'^^=  X(47ir''^=  0.282L. 

7.  It  is  possible  to  decrease  appreciably  a  diffraction 
field  at  the  NPAA’s  edges  framing  it  within  an  ab¬ 
sorber  with  the  ambient  temperature. 

After  comparing  the  listed  above  properties  of  the  dif¬ 
ferent  artificial  radiators  of  tlie  radio  noise  we  conclude 
Uiat  the  radiation  properties  of  a  non-phased  array  of 
low  directional  identical  noise  sources  are  like  those  of 
the  black  disk,  but  such  an  array  may  give  a  much 
higher  temperature  when  using  plasma  noise  genera¬ 
tors.  Therefore,  it  is  possible  to  carry  out  all  the  meas¬ 
uring  procedures  of  the  black  disk  method  with  the  help 
of  a  ((hot»  NPAA,  to  achieve  a  larger  dynamic  range 
and  a  higher  precision  because  external  radiations  can 
be  neglected  in  comparison  with  NPAA's  radiation. 
With  the  NPAA  the  antenna  pattern  side  lobes  are 
registered  at  the  level  of  30-^0  dB  [8]. 

It  is  possible  to  manufacture  hot  radiators  NPAA  with 
controlled  aperture  sizes,  polarization  and  temperature 
of  the  radiation.  A  variant  of  such  a  radiator  is  shown 
in  Fig.  1  [9]:  tlie  side  view  (a),  the  view  of  the  radiating 
aperture  (b).  Serial  semi-conductor  noise  generators  3 
are  connected  through  matching  transfonners  2  with 
slots  1.  Over  the  slots  plane  there  is  net  4  of  conductive 
tapes  5  which  fonu  cells  6  made  in  shape  of  the  isosce¬ 
les  right-angled  triangle  (IRT).  Each  slot  is  placed 
along  IRT’s  cathetus  symmetrically  relatively  to  net 
nearest  knots  and  a  tape  plane.  Tape  width  L  is  selected 
by  the  equation 

Lla  =  0.25/{[(a/7.)^-  0.25]’^^-  [(a/L)^-  0.5]'^^}, 
where  a  is  IRT’s  cathetus  length. 


Li _ uniL. 

1  ! 
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Fig.  1 


If  the  net  is  mounted,  then  an  elliptically  polarized 
radiation  has  the  right  or  left  orientation  when  switch¬ 
ing  on  the  noise  generators  in  rows  or  in  columns.  The 
radiation  has  a  horizontal  or  vertical  polarization  by  the 
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same  switching  without  the  net.  One  gets  the  chaotic 
polarization  by  switching  on  all  the  noise  generators. 

The  hot  radiators  have  enabled  one  to  propose  new 
methods  for  antenna  diagnostics  to  be  considered  fur¬ 
ther. 


U2^Tng[kA^v'^nR  +  q]\ 
3  =  T  «g  T]^  +  9]; 


(i) 


METHODS  FOR  MEASURING  ANTENNA 
PARAMETERS 

Measurements  of  ohmic  losses  and  efficiency 

1.  The  method  for  measuring  antenna  ohmic  losses  is 
worked  out  on  the  basis  of  a  noise  passing  through  the 
antenna.  A  device  for  mesurements  is  given  in  Fig.2 
[10],  Noise  generator  1  and  radiometer  2  are  connected 
with  inputs  4,5  of  Y-circulator  3;  test  antenna  7  is  con¬ 
nected  with  input  6  of  the  Y-circulator.  Two  absorber 
rings  8  adjoin  a  contour  of  the  antenna  aperture.  To¬ 
gether  with  the  antenna  they  form  a  cavity  whose  ap¬ 
erture  is  recovered  by  polarization  matching  assembly  9 
and  by  well  conducting  metallic  screen  10.  Assembly  9 
must  be  excluded  when  testing  an  antenna  with  a  linear 
polarization. 

In  the  device  of  Fig.  2  (without  crosspiece  11)  the  noise 
generator  is  switched  on  and  assembly  9  is  controlled  to 
get  maximum  signal  Ui  of  the  radiometer.  The  signal 
covers  the  following  path  l->4-»3->6->7^8^9^10 
=>9->8->7->6->'5^2. 


S 


Each  ring  partially  absorbs  waves  on  the  path  from  the 
antenna  to  the  screen  and  backwards  and  prevents 
parasitic  resonant  oscillations  of  the  cavity. 

When  reflecting  from  screen  10  a  mirror  turn  of  an 
incident  wave  polarization  ellipse  takes  place  due  to 
7i-shifl  of  phases  of  orthogonal  linearly  polarized  com¬ 
ponents.  In  assembly  9  a  polarization  vector  direction 
changes  twice  so  that  polarization  vectors  of  the  an¬ 
tenna  and  of  the  arrival  wave  appear  to  be  matched. 

In  the  device  of  Fig.  2  (without  crosspiece  11)  we  leave 
one  ring  8  and  fix  signal  f/j.  The  first  ring  is  replaced 
by  the  second  one  and  signal  fA  is  fixed.  Noise  gen¬ 
erator  1  and  the  input  of  radiometer  2  are  connected  by 
setting  crosspiece  11  between  points  4.5.  Signal  T„g  is 
fixed.  The  following  equations  describe  tliese  proce¬ 
dures 


where  q  is  the  antenna  ohmic  loss  factor  to  be  defined; 
k,n,q  are  the  certificate  values  of  tlie  Y-circulator 
transmission  coefficients  between  arms  4->6,  6->5, 
4->5;  V,  w  are  the  transmission  coefficients  of  tire  path 
«the  antenna-tlie  screen-the  antenna»  in  tlie  presence 
of  one  ring;  A  is  a  screen  reflectivity.  Taking  into  ac¬ 
count  that  =  1  we  define  q,  v,  w  from  the  system  of 
Eq  (1).  Let  us  determine  q  by 

q  =  (l/vw)[(17,  -  knR)]. 

According  to  this  equation  the  total  error  of  determina¬ 
tion  of  olimic  loss  factor  q  for  antenna  array  w7  %,  for 
lens  antenna  «  9.5  %.  Earlier  there  were  no  methods  to 
define  namely  antenna  ohmic  losses  being  the  principal 
part  of  antenna  losses.  In  the  proposed  method  antenna 
7  is  the  part  of  the  hot  radiator  structure  as  well  as 
noise  generator  1. 

2.  A  device  for  the  antenna  efficiency  direct  mesure¬ 
ments  is  given  in  Fig.  3  [11].  Radiator  1  recovers  an 
aperture  of  test  antenna  2  connected  wiUi  radiometer  3. 
Contact  thermo-transformers  are  placed  on  tlie  antenna 
surface.  Noise  temperature  f  and  emissivity  s  of  the 
hot  radiator  are  known.  If  the  radiator  is  made  as  the 
NPAA,  the  apertures  of  the  antenna  and  the  radiator 
has  to  be  placed  at  the  distance  R  not  nearer  tlian  tlie 
far  field  region  of  the  radiating  element. 


In  the  device  of  Fig.  3  antenna  real  temperature  is 
measured  by  the  thermo-transformers  and  radiometer 
reading  T  is  recorded.  There  are  following  signals  ar¬ 
riving  to  a  radiometer  input:  1)  from  the  radiator  with 
noise  temperature  f  after  passing  through  the  antenna, 
2)  the  antenna  thennal  radiation  reflected  by  the  ra¬ 
diator  and  falling  on  the  antenna  aperture,  3)  the  an¬ 
tenna  thermal  radiation  in  the  direction  of  the  radi¬ 
ometer. 

r=qr,+  q(l-e)r,+  r,(l-q)  (2) 

From  tlie  equation  (2)  we  define  the  antenna  efficiency 
by 

y\  =  {T-T,Wr-m.  (3) 
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K  T,  »  7’„  (for  the  hot  radiator)  instead  of  (3)  we  can 
write 

T1  =  T/T,  (4) 

When  using  the  approximate  formula  (4)  instead  of  (3) 
an  error  is  not  greater  than  1%  if  7,  is  10  times  and 
not  greater  than  0.1%  if  T,  is  100  times  T^.  The  meas¬ 
urement  error  of  the  efficiency  rj  does  not  exceed  4  %. 

We  note  tliat  direct  methods  of  an  antenna  efficiency 
measurement  have  been  absent  to  tltis  day.  The  known 
indirect  methods  are  very  labourconsuming.  They  are 
based  on  measurements  in  the  free  space.  According  to 
tlie  first  method  it  is  necessary  to  measure  in  die  far 
field  region  or  in  the  Fresnel  region  of  the  antenna. 
According  to  another  one  it  is  possible  to  combine 
black  disk  radiation  measurements  in  the  near  field 
region  and  near  field  phasometric  ones. 

Measurements  of  gain  and  scattering  coefficient 

Owing  to  creation  of  the  aperture  radiators  with 
autonomously  switched  elements  (NPAA),  methods  of 
absolute  measurements  of  antenna  gain  and  scattering 
coefficient  [12,  13]  are  worked  out.  It  is  possible  to  use 
the  radiator  of  Fig.  1. 

1,  An  equipment  for  gain  measurements  can  be  de¬ 
signed  in  two  variants  shown  in  Fig.  4;  A)  test  antenna 
1  is  placed  on  a  mast;  B)  antenna  1  is  ground-based. 
The  latter  is  directed  towards  radiator  2  with  which 
control  system  3  is  connected.  The  antenna  is  con¬ 
nected  with  radiometer  4. 


Fig.  4 

The  radiator  has  to  be  placed  in  the  far  field  region  or 
the  Fresnel  region  of  the  antenna.  In  the  latter  case  an 
parabolic  antenna  feed  has  to  be  carried  off  the  focus. 
In  the  variant  B  it  is  recommended  to  place  a  phase 
centre  of  a  highly  directional  antenna  at  a  distance 
from  the  ground  surface  not  smaller  than  the  doubled 
height  of  tlie  antenna.  Angle  of  vision  of  the  radiator 
from  the  antenna  has  to  be  smaller  tlian  the  antenna 
half-power  beamwidth,  i.e. 

a<©a  (5) 

In  the  equipment  of  Fig.  4  radiometer  reading  f  is 
recorded  when  the  antenna  is  directed  towards  the 
radiator  in  which  all  tlie  noise  generators  are  switched 


on.  Hot  aperture  area  Si  and  its  average  noise  tempera¬ 
ture  fs  are  known. 

Noise  generators  in  the  r  •  -ernal  hoop  are  switched  off. 
ed  off.  The  aperture  area  ecreases  to  a  known  value  S2 
and  the  noise  tempercture  does  not  change.  Radiometer 
reading  T2  is  fixed.  Every  time  when  repeating  opera¬ 
tions  of  switching  off  noise  generators  in  radiator  ex¬ 
ternal  hoops  a  radiometer  reading  is  fixed.  We  get  a 
row  of  values  The  aperture  area  decreases  to  known 
value  S2  and  the  noise  tempercture  does  not  change. 
Radiometer  reading  T2  is  recorded.  Every  time  when 
repeating  operations  of  switching  off  noise  generators 
in  radiator  external  hoops  a  radiometer  reading  is  re¬ 
corded.  The  obtained  row'  of  values  Tu  T2, 
corresponds  to  the  row  of  values  of  hot  aperture  areas 
SuS2,  ...  Sj,  ...  S„.  The  position  of  the  radiator  electri¬ 
cal  axis  does  not  change  w'hen  switching  off  noise  gen¬ 
erators  in  the  radiator  external  hoops. 

All  the  noise  generators  are  switched  off  and  radiome¬ 
ter  reading  To  is  measured.  We  obtain  the  function y(5) 
=  ATj/Sj,  where  AT)  =  f  -  To,  extrapolate  it  in  a  spot  S 
=  0  and  w'rite  f{S  =  0)  =  AT/S(S  =  0).  We  define  the 
antenna  gain  by 

G  =  {4nRfn)ATiS(S  =  0).  (6) 

The  G-definition  error  according  to  Eq.  (6)  is  not  more 
than  3.6  %. 

2.  For  scattering  coefficient  measurement  the  equip¬ 
ment  of  Fig.  4  is  used.  The  condition  (5)  is  met.  An¬ 
tenna  efficiency'  p  is  kriow  n.  In  the  equipment  of  Fig,  4 
radiometer  reading  f  is  recorded  when  the  antenna  is 
directed  towards  the  radiator  in  which  all  the  noise 
generators  are  sw'itched  on.  Hot  aperture  area  S  and  its 
average  radiation  temperature  7)  are  known. 

Each  of  two  noise  generators  is  sw'itched  off  in  chess¬ 
board  manner.  At  this  operation  aperture  area  S  does 
not  change  and  the  noise  temperature  decreases  to 
known  value  TJ.  Radiometer  reading  T2  is  recorded. 

We  define  the  antenna  energy  scattering  coefficient  off 
the  solid  angle  fir  by 

(3  =  1  -(r,  -  r2)/h(Ts-T’s')].  (7) 

The  definition  total  error  according  to  Eq.  (7)  is  not 
more  than  (4. 6-5. 4)  %. 

Measurement  of  antenna  pattern 

In  the  radio  astronomy  a  multiplicative  interferometer 
is  used  for  measuring  an  antenna  pattern.  Spaced  an¬ 
tennas  4,  5  are  connected  witli  inputs  of  correlation 
radiometer  7.  (See  Fig.  5.)  Antennas  electrical  axes  are 
directed  towards  radio  noise  radiator  1  which  is  placed 
in  far-field  or  Fresnel  region  of  antennas.  A  phase 
difference  of  source  1  radiation  is  compensated  in  the 
antennas.  A  correlation  function  of  a  radiation  received 
with  tlie  different  turning  angles  of  test  antenna  4  and 
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with  auxiliary  non-scanning  antenna  5  is  recorded  in 
the  radiometer  output.  An  radiometer  output  signal  in 
the  quadrature  corresponds  with  a  real  component  of  an 
unknown  pattern  of  anteima  4  and  in  the  phase  with  a 
imaginary  component  of  the  same  pattern  [14,  15], 


Fig.  5 

After  a  correlation  processing  the  larger  the  angle  be¬ 
tween  the  directions  of  a  disturbance  source  and  of 
radiator  1  and  the  greater  product  Bxp,  where  B  is  the 
radiometer  bandwidth  and  p  is  the  distance  between  die 
antennas  4,5  the  weaker  a  disturbance  signal  becomes. 
The  correlation  reception  expands  the  dynamic  range 
by  10-15  dB  in  comparison  with  traditional  methods  of 
the  antenna  measurements  by  means  of  ordinary  radio 
receivers. 

Such  antenna  pattern  measurements  have  a  systematic 
error  being  stipulated  by  a  nonlinearity  of  the  correla¬ 
tion  radiometer  transfer  characteristic  and  by  the  an¬ 
tennas’  thermal  noise.  This  error  is  estimated  in  [1]  by 

ct=10...16%.  (8) 

A  principle  enabling  to  increase  the  measurement  accu¬ 
racy  by  eliminating  the  above  mentioned  error  is  de¬ 
scribed  further  and  is  illustrated  by  Fig.  5  [16].  Before 
the  beginning  of  measurements  electrical  axes  of  the 
antennas  are  directed  towards  radiator  1.  Power-supply 
2  is  switched  on  and  commutator  3  is  locked.  Switch¬ 
board  11  is  in  the  first  position  (tenninal  27  is  con¬ 
nected  with  input  6  of  radiometer  7;  terminal  28  and 
matched  load  29  is  coimected  with  feed  line  9),  tee  15 
is  shunted  by  short-circuiting  shown  in  Fig.  5  by  means 
of  a  dotted  line  with  arrows.  Antennas  4,5  are  con¬ 
nected  consecutively  with  feed  line  13  and  each  of  them 
is  turned  to  obtain  the  maximal  signal  of  the  radiometer 
indicator.  A  phase  difference  of  source  1  radiation  is 
compensated  in  tlie  antennas  by  delay  line  8. 


The  primaiy  channel  of  radiometer  7  is  calibrated.  The 
switchboard  11  is  in  the  first  position.  Commutators  3, 
22  is  switched  synchronously  in  the  opposite  phase  with 
the  help  of  control  system  24.  Regulating  attenuator  26 
reading  the  equality  of  the  radiometer  readings  is  ob¬ 
tained  when  radiator  1  or  noise  generator  23  is 
switched  on.  Later  attenuator  26  reading  does  not 
change. 

The  first  measurement  is  carried  out.  Switchboard  1 1  is 
in  the  second  position  shown  in  Fig.  5.  By  means  of 
regulating  readings  of  attenuator  16  and  delay  line  8 
and  switching  in  magazine  17  of  fixed  calibrated  at¬ 
tenuators,  the  equality  of  the  radiometer  readings  is 
obtained  when  radiator  1  or  noise  generator  23  is 
switched  on.  The  summary  attenuation  magnitude  of 
attenuator  6  and  magazine  17  (Ao)  is  fixed. 

The  ;y-th  measurement  is  carried  out.  Switchboard  1 1  is 
in  the  second  position.  Test  antenna  4  is  turned  so  that 
its  electrical  axis  deflected  from  the  direction  towards 
radiator  1  by  angles  cpi,  9  j.  The  first  measurement  is 
repeated  and  a  summary  attenuation  magnitude  of 
attenuator  6  and  magazine  17  (Aij)  is  fixed.  We  define 
tlie  y-th  point  of  an  antenna  power  pattern  by 

F{(p„Qi)=A^/A,  (9) 

So  in  the  known  method  [14,15]  tlie  correlation  radi¬ 
ometer  is  used  for  direct  reading.  In  the  proposed  prin¬ 
ciple  [16]  the  radiometer  functions  as  a  comparator  and 
readings  are  obtained  with  the  help  of  the  more  accu¬ 
rate  instruments  that  are  attenuator  16  and  magazine 
17.  It  allows  to  compensate  an  measurement  error  be¬ 
ing  stipulated  by  a  nonlinearity  in  the  channels  of  the 
correlation  radiometer  and  by  the  antennas  non-identity 
(by  their  thermal  noises).  The  point  (9)  definition  error 
is  smaller  than  1.6%  [17]. 

Measurement  of  a  field  amplitude  and  phase  distribu¬ 
tion  (FAPD) 

When  a  long  proving  ground  is  absent  near-field  tech¬ 
niques  is  used.  In  this  method  a  probe  anteima  is  used 
to  samble  the  phase  and  amplitude,  for  two  polariza¬ 
tions,  of  the  radiated  narrow-band  field  in  the  near 
region  of  the  test  antenna  tliat  is  at  a  few  wavelengths 
from  its  surface.  The  probe  antenna  scans  over  a  well 
defined  surface  which  can  be  for  example  a  plane  in 
front  of  the  test  antenna.  From  the  measured  FAPD  an 
antenna  pattern  may  be  defined  by  means  of  the  space 
Fourier  transform.  If  an  information  about  frequency 
properties  of  tlie  antenna  is  necessary  the  same  meas¬ 
uring  process  must  be  repeated  for  every  required  fre¬ 
quency. 

Methods  of  defining  FAPD  in  the  required  range  of 
frequencies  during  one  passage  of  the  probe  antenna 
are  known.  A  wide-band  pulse  field  is  formed  on  the 
antenna  aperture,  field  amplitude  time  dependences  are 
recorded  in  space  points  of  an  antenna  near  region,  tlie 
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time  dependencies  are  transfoniied  into  die  frequency 
domain  by  means  of  the  frequency  Fourier  transform 
and  then  antenna  patterns  are  calculated  for  required 
frequencies  [18],  A  measurement  bandwidth  is  re¬ 
stricted  by  an  upper  frequency  limit  of  a  stroboscopic 
oscillograph  (1-4  GHz).  There  is  no  possibility'  to  test 
active  receiving  antennas  which  do  not  sustain  pulse 
reactions. 

The  use  of  a  noise  signal  instead  of  an  pulse  one  re¬ 
moves  mentioned  restrictions.  A  functional  diagram  of 
a  device  for  FAPD  measuring  in  the  required  frequency 
range  is  shown  in  Fig.  6  [19].  Source  1  of  a  radio  noise 
signal  includes  a  serial  semi-conductor  noise  generator 
with  the  radiation  temperature  ~200000  K,  an  amplifier 
with  a  bandwidth  3-4  GHz  and  a  directional  coupler. 
The  first  output  of  source  1  is  connected  with  test  di¬ 
rectional  antenna  2.  Probe  antenna  3  is  supported  by 
orientable  frame  4.  It  is  connected  with  the  first  input 
of  two-channel  receiver  5.  The  second  output  of  source 
1  is  connected  with  the  second  input  of  receiver  5 
through  connecting  line  7.  Receiver  5  outputs  are  con¬ 
nected  with  inputs  of  correlometer  6.  The  corrclometer 
includes  one  quantizator  in  every  input  circuit.  Further 
there  is  a  steerable  delay  line  in  one  channel.  Then  both 
the  channels  are  connected  with  a  multiplier.  To  its 
output  an  integrator,  a  discrete  memory  circuit  and  a 
digital  indicator  are  connected  consecutively 


7 


Fig.  6 


With  the  correlometer  output  frequency  Fourier  trans- 
fonner  8,  memory  circuit  9  and  space  Fourier  trans¬ 
former  10  are  connected  in  series.  Instead  of  positions 
8,9,10  it  is  possible  to  use  a  computer  with  a  corre¬ 
sponding  software. 

This  metliod  allows  to  widen  a  measiorement  work  range 
close  to  millimeter  waves.  Tire  minimum  wavelength  is 
defined  by  a  value  of  a  probe  antenna  doubled  step.  It  can 
make  up  4-5  mm  when  an  error  of  a  probe  antcmia  setting 
in  a  required  point  is  not  more  tlian  0.5  mm. 
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ABSTRACT 

The  paper  presents  an  universal  extremely  fast- 
convergent  iterative  method  of  synthesis  of  physical 
objects  and  its  application  to  synthesis  of  high  perfonn- 
ance  antennas  and  microwave  components.  Due  to  tlie 
proper  combining  in  each  iteration  a  fast  approximate 
analytic  or  parametric  synthesis  with  rigorous  analysis 
and  introduction  and  the  proper  generating  a  new 
modified  design  objective  in  accordance  with  obtained 
differences  betw'een  rigorously  calculated  characteris¬ 
tics  of  interest  and  actual  design  objectives,  the  iterative 
process  is  usually  completed  after  a  few  optimization 
iterations. 

INTRODUCTION 

At  present  there  is  a  variety  of  synthesis  techniques 
applied  in  electromagnetic  devices  and  otlier  field  en¬ 
gineering.  Most  of  them  use  gradient  infonnalion  to 
find  global  optimum  of  a  given  function.  The  procedure 
of  global  optimum  searching  is  often  veiy  time- 
consuming,  if  rigorous  analysis  of  such  devices  is  used. 

The  most  versatile  and  precise  method  of  diffraction 
synthesis  of  reflector  antennas  is  proposed  in  [1].  When 
using  this  iterative  method,  the  main  reflector  and 
subreflector  profiles  are  represented  in  the  form  of 
expansion  in  Jacobi's  functions,  with  subsequent  gradi¬ 
ent  optimization  of  tlie  expansion  coefficients  to  obtain 
the  required  radiation  pattern.  At  each  iteration  radia¬ 
tion  pattern  is  calculated  with  taking  into  account  of  the 
near  field,  boundary  diffraction,  the  subreflector  sup¬ 
ports,  shading  introduced  by  stnictures,  etc.  The 
method  requires  a  large  number  of  iterations  and 
therefore  is  time-consuming  that  may  be  regarded  as  a 
disadvantage. 

The  problem  is:  how  can  most  of  guesswork  be  re¬ 
moved  from  synthesis  and  thus  synthesis  procedure  can 
be  made  fast-convergent? 

One  possible  way  is  using  genetic  algorithms  [2], 
which  have  being  extensively  developed  for  electro¬ 
magnetic  systems  during  last  years. 

An  another  way  is  introduced  in  this  paper  and  this 
way  is  a  universal  extremely  fast-convergent  iterative 
method  of  synthesis  of  physical  objects. 


As  concerns  synthesis  of  new  dual-reflector  antennas, 
this  method  of  synthesis  fits  into  the  group  of  indirect 
methods  since  the  purpose  of  the  synthesis  is  not  the 
radiation  pattern  itself  but  the  required  amplitude  and 
phase  distribution  of  the  electromagnetic  field  in  the 
aperture  of  the  antenna  main  reflector.  However,  this 
fact  does  not  impair  the  method  potentialities  and  its 
practical  value  since  we  may  consider  tlie  problem  of 
relation  between  field  distribution  in  the  main  reflector 
aperture  and  the  radiation  pattern  in  the  angular  sector 
adjacent  to  the  main  lobe  as  solved.  But  these  are  the 
near  side  lobes  that  present  main  difficulty,  being  of 
main  concern  to  designers  of  antennas  with  a  pre¬ 
scribed  envelope  of  side  lobes.  The  far  side  lobe  level 
depends  primarily  (in  the  case  of  correct  choice  of  the 
aperture  field  distribution)  on  tlie  choice  of  the  radia¬ 
tion  angle  of  the  subreflector  edge,  accuracy  of  the 
reflector  surface,  selection  of  the  cross-section  and 
location  of  tlie  struts  and  on  the  antenna  adjustment. 

In  the  case  of  application  of  this  synthesis  method  to 
improvement  of  performances  of  existing  large  dual¬ 
reflector  earth  station  antennas  to  meet  the  current 
CCER  stringent  requirements  and  to  synthesis  of  high 
performance  microwave  components  (filters,  OMT, 
polarizers,  rotators,  etc.)  as  design  objectives  serve 
actual  required  characteristics  like  radiation  pattern, 
VSWR,  insertion  loss,  differential  phase  shift,  et  cetera. 
Recently,  by  using  this  method,  a  variety  of  high  per- 
fonnance  dual-reflector  antennas  and  microwave  com¬ 
ponents  have  been  designed  at  the  company  “TERA” 
and  Laboratory  of  Antennas  and  Telecommunications 
of  National  Technical  University  of  Ukraine  “KPI”.  At 
present  some  of  the  designed  antennas  and  microwave 
components  are  in  serial  production.  For  example, 
updated  7  m  and  3,66  m  dual-reflector  earth  station 
antennas,  that  fully  meet  the  CCIR  requirements,  are 
manufactured  at  state  plant  “Saturn”  (Temopil, 
Ukraine)  and  design  office  “Promin”  (Temopil, 
Ukraine)  respectively. 

A  BRIEF  OUTLINE  OF  THE  METHOD 

The  block  diagram  of  the  method  is  shown  in  Fig.  1.  It 
is  assumed  that  actual  required  characteristics  of  a 
physical  object  under  synthesis  (e.g.,  amplitude  and/or 
phase  distributions,  radiation  patterns,  frequency  de- 


Proceedings  of  the  3rd  International  Conference  on  Antenna  Theory  and  Techniques,  Sevastopil,  Ukraine,  8-11  Sept.  1999 


18 


pendencies  of  VSWR,  insertion  losses,  phase  shifts, 
etc.)  serve  as  actual  design  objectives.  In  the  first  step 
these  actual  design  objectives  are  used  for  an  approxi¬ 
mate  synthesis  (analytical  or  parametric)  of  the  object 
design  parameters  (profiles,  geometric  parameters, 
dimensions,  etc.)  in  the  first  iteration.  As  a  result  of  the 
synthesis  a  set  of  the  object  design  parameters  (vari¬ 
ables)  is  obtained.  Then  for  the  obtained  design  pa¬ 
rameters,  characterizing  the  object,  an  accurate  (rigor¬ 
ous)  analysis  of  tlie  object  is  performed  and  the 
characteristics  of  interest  are  calculated.  Next  step  in 
the  first  iteration  includes  evaluation  of  differences 
between  the  calculated  and  the  actual  required  charac¬ 
teristics  of  llie  object.  If  the  differences  obtained  exceed 
the  permitted  values  then  new  modified  (false)  design 
objectives  are  generated  in  accordance  with  the  fol¬ 
lowing  equation; 

cK'=c;T-(a,-cr),t  =  i,2...,  (1) 

where  C^2  a  new  modified  required  *-th  character¬ 
istic  of  the  object,  which  must  be  used  for  the  approxi¬ 
mate  synthesis  of  the  object  parameters  in  the  second 

iteration,  Cf  is  a  calculated  k-th  characteristic  in  the 


first  iteration,  Cf  is  an  actual  required  k-th  charac¬ 
teristic  and  Cf’[  is  a  modified  required  k-ih  character¬ 
istic  in  the  first  iteration  (usually  Cjff  =  Cf  ). 

Generated  in  such  a  way  new  modified  required  char¬ 
acteristics  serve  as  initial  data  for  the  approximate 
synthesis  of  the  object  parameters  in  the  second  itera¬ 
tion.  Having  perfonned  the  procedures  like  in  the  first 
iteration,  in  case  the  differences  between  the  calculated 
and  actual  required  characteristics  exceed  permissible 
values,  we  generate  new  modified  design  objectives 
which  may  be  written  as  follows: 

QT  =  C’ff  -Ck\k  =  1,2... .  (2) 

These  new  modified  design  objectives  serve  as  initial 
data  for  the  approximate  synthesis  of  the  object  in  the 
third  iteration.  After  tlie  i-th  iteration  is  completed,  in 
case  the  differences  between  the  calculated  and  actual 
required  characteristics  exceed  pennissible  values,  we 
generate  new  modified  objectives: 

Q"5*l)  =  cr  -(cf,  -Cf  ).t  -  1,2...,  (3) 

which  define  initial  data  for  the  approximate  synthesis 
of  the  object  in  the  (/+1)  iteration. 


Fig.  1.  Block  diagram  of  the  universal  fast-convergent  iterative  synthesis  technique  for  generation  of  optimum 
design  parameters  of  a  physical  object  with  required  characteristics 
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The  iterative  process  continues  until  the  differences 
between  the  calculated  and  actual  required  characteris¬ 
tics  wilt  be  minimized  to  a  given  accuracy. 

Thus,  each  iteration  in  this  iterative  metliod  of  synthe¬ 
sis  includes  four  steps; 

1.  approximate  (analytic  or  parametric)  synthesis  of  a 
physical  object,  using  new  modified  (false)  design 
objectives  (except  the  first  iteration  where  actual 
design  objectives  are  usually  used)  generated  in  ac¬ 
cordance  with  equations  (1)  -  (3); 

2.  accurate  analysis  of  the  sy  nthesized  object; 

3.  evaluation  of  differences  between  calculated  and 
required  characteristics; 

4.  generation  of  new  modified  design  objectives  in 
accordance  with  (1)  -  (3)  which  are  to  be  used  as 
initial  data  for  synthesis  in  next  iteration,  if  tlie  ob¬ 
tained  differences  between  the  calculated  and  re¬ 
quired  characteristics  are  not  minimized  to  a  given 
accuracy. 

The  quintessence  of  this  synthesis  teclmique  consists  in 
the  proper  combining  in  each  iteration  a  fast  rough 
synthesis  (analytic  or  parametric)  with  a  slow  rigorous 
analysis  and  introduction  and  tlie  proper  generating  - 
in  accordance  with  equations  (1)  -  (3)  new  modified 
design  objectives,  i.e.  new  modified  required  character¬ 
istics,  to  be  used  in  next  iteration.  Due  to  latter,  already 
in  the  second  iteration  errors  of  an  approximate  synthe¬ 
sis  of  file  object  parameters  are  evaluated  and  the  itera¬ 
tive  procedure  may  be  terminated.  In  the  next  sections 
we  shall  demonstrate  an  extremely  fast  convergence  of 
this  iterative  method  of  synthesis  in  designing  high 
performance  dual-reflector  earth  station  antennas  and 
some  microwave  components. 

APPLICATION  OF  THE  METHOD 
TO  DIFFRACTION  SYNTHESIS  OF  MODERN 
HIGH  PERFORMANCE  DUAL-REFLECTOR 
ANTENNAS 


obtained  geometry  of  the  antenna  we  carry  out  its  rig¬ 
orous  analysis  by  diffraction  theory  methods.  As  a  re¬ 
sult,  we  obtain  calculated  amplitude  and  phase  distri¬ 
butions  of  the  electromagnetic  field  in  tlie  main 
reflector  aperture.  The  amplitude  and  phase  distribu¬ 
tions  are  compared  with  actual  required  values,  and 
their  differences  are  evaluated.  If  the  differences  ob¬ 
tained  exceed  tlie  permissible  values  then  new  modified 
(false)  required  distributions  of  the  field  in  fiie  main 
reflector  aperture  are  generated  using  tlie  equation  (1), 

where  now  €^2  are  new  modified  required  amplitude 
(fc  =  1)  and  phase  (k  =  2)  distributions  of  the  field  in  the 
main  reflector  aperture  to  be  used  for  file  synthesis  in 

the  second  iteration,  are  the  calculated  amplitude 
(k  -  1)  and  phase  (k  -  2)  distributions  of  tlie  field  in  the 
first  iteration,  are  actual  required  amplitude  (k  = 

1)  and  phase  (k  =  2)  distributions  of  the  field  in  the 
aperture. 


In  this  section  we  shall  concentrate  on  application  of 
the  method  to  diffraction  synfiiesis  of  new  modem  liigh 
performance  dual-reflector  earth  station  antennas.  As 
actual  design  objectives  -  actual  required  characteris¬ 
tics  of  a  physical  object  under  design  -  we  take  actual 
required  amplitude  and  phase  distributions  of  the  elec¬ 
tromagnetic  fields  in  the  aperture  of  an  antenna  main 
reflector  under  design.  Correctness  of  this  approach 
was  discussed  above.  In  this  case  the  block  diagram  in 
Fig.  1  of  the  method  is  transformed  to  file  block  dia¬ 
gram  in  Fig.  2. 

In  the  first  iteration  we  initially  perform  the  “rough” 
synthesis  of  geometry  of  the  dual-reflector  antenna 
based  on  actual  required  amplitude  and  phase  distribu¬ 
tion  of  the  electromagnetic  field  yielding  the  prescribed 
characteristics  of  the  antenna  radiation.  Then,  for  the 


Fig.  2.  Application  of  the  method  to  diffraction  synthesis 
of  dual  reflector  antennas 

The  generated  modified  amplitude  and  phase  distribu¬ 
tions  of  file  electromagnetic  field  in  the  main  reflector 
aperture  serve  as  a  initial  values  for  the  synfiiesis  of  the 
antenna  geometry  in  the  second  iteration.  Having  per¬ 
formed  the  procedure  similar  to  those  in  the  first  itera¬ 
tion,  after  the  second  iteration  (in  the  case  when  the 
differences  between  the  calculated  and  actual  required 
distributions  for  amplitudes  and  phases  exceed  the 
permissible  values)  we  generate  new  modified  required 
amplitude  and  phase  distributions  in  the  main  reflector 
aperture  for  the  third  iteration  in  accordance  with 
equation  (2). 
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After  implementation  of  the  /-th  iteration  (if  differences 
between  the  calculated  and  actual  required  amplitudes 
and/or  phase  distributions  of  the  field  in  the  aperture  of 
the  main  reflector  exceed  the  permissible  values)  we 
generate  new  modified  amplitude  and  phase  distribu¬ 
tions  in  tlie  main  reflector  aperture  which  determine 
initial  values  for  the  synthesis  of  the  antenna  geometry 
in  tlic  geometric  optics  approximation  in  the  (r+1) 
iteration,  following  the  equation  (3). 

The  iterative  process  continues  until  we  minimize  to  a 
given  accuracy  the  differences  between  tJie  calculated 
by  rigorous  methods  of  the  diffraction  theory'  and  tire 
actual  required  distributions  of  amplitude  and  phase  in 
the  main  reflector  aperture. 

Due  to  the  introduction  and  proper  generation  of  new 
modified  required  amplitude  and  phase  distributions  in 
tire  main  reflector  aperture  no  later  than  in  the  second 
iteration  we  can  accurately  evaluate  the  error  of  synthe¬ 
sis  of  the  antenna  geometry  by  the  approximate  method 
of  geometric  optics,  and  the  iterative  procedure  may  be 
terminated.  Figure  3  demonstrates  a  case  of  extreme 
convergence  of  the  method  with  the  example  of  synthe¬ 
sis  of  geometry  of  a  dual  3.66  in  dual -reflector  antenna 
with  required  uniform  phase  distribution  in  the  main 
reflector  aperture.  It  may  be  seen  that  after  tlie  first 
iteration  the  phase  maximum  deviation  from  the  uni- 
fonn  pattern  was  37°,  and  after  the  second  iteration  - 
less  tlian  1°. 

It  is  apparent  tliat  tlie  most  important  part  of  the  pro¬ 
posed  method  of  synthesis  which  detennines  its  accu¬ 
racy  is  an  accurate  (rigorous)  analysis  of  the  dual¬ 
reflector  antenna. 

In  order  to  achieve  a  high  accuracy  we  carry  out  analy¬ 
sis  of  dual-reflector  antenna  as  follows; 

•  feed  horn  analysis  using  mode  matching  technique 
or  integral  equation  approach  with  taking  into  account 
a  reaction  of  tlie  free-space  and  tlie  subrcflcctor; 

•  detenuination  of  the  spherical  wave  expansion  coeffi¬ 
cients  for  tlie  electromagnetic  field  at  the  tioni  apcrtiae; 

•  detennination  of  the  currents  on  die  subreflector 
surface  generated  by  an  incident  near  field  of  the 
feed  horn; 

•  determination  of  the  fields  near  the  main  reflector 
surface  by  physical  optics  method  using  the  subre¬ 
flector  currents  assuming  that  the  reflector  is  in  the 
near  field  of  the  subreflector; 

•  determination  of  the  currents  on  the  main  reflector 
surface  generated  by  the  subreflector  currents; 

•  determination  of  the  far-field  of  the  main  reflector 
by  physical  optics  method; 

•  determination  of  the  far-field  radiation  pattern  of  a 
dual-reflector  antenna  by  superposition  of  the  radi¬ 
ated  far-fields  by  main  reflector,  subreflector  and 
feed  horn. 


Fig.  3.  Obtained  phase  distributions  of  the  field  in  the 
main  reflector  aperture  at  each  iteration 

In  order  to  obtain  the  overall  generalized  scattering 
matrix  of  feed  horn  we  used  mode-matching  technique 
or  integral  equation  metliod.  At  first  horn  is  repre¬ 
sented  as  a  set  of  regular  circular  waveguide  sections 
with  longitudinal  dimension  much  less  than  free  space 
wavelength.  The  generalized  scattering  matrices  of 
junctions  between  two  waveguide  sections  are  found 
and  then  they  are  combined  with  scattering  matrices  of 
regular  circular  waveguide  sections.  Having  the  overall 
generalized  scattering  matrix  of  the  horn  and  an  am¬ 
plitude  of  the  input  mode  it  is  easy  to  find  amplitudes  of 
incident  modes  in  the  horn  aperture.  By  using  moment 
method  we  obtain  the  scattering  matrix  of  free  space 
Junction.  Having  calculated  amplitudes  of  modes,  re¬ 
flected  from  the  free  space,  and  incident  modes  ampli¬ 
tudes  it  is  possible  to  find  total  amplitudes  of  modes  in 
the  aperture.  Amplitudes  of  electric  and  magnetic  fields 
of  m-th  mode  are  obtained  as  follows: 

where  02^”^  is  magnitude  of  /n-th  mode  reflected  from 
free  space  and  is  found  from  the  following  matrix 
equation: 

h]  =  [^2i]*h]+[^22]*h],  (5) 

where  o;  is  a  column  of  incident  amplitudes  in  the  horn 
throat  and  S21  and  S22  are  elements  of  the  horn  gener¬ 
alized  scattering  matrix,  which  are  matrices  as  welt. 

Spherical  wave  expansion  (SWE)  technique  is  used  for 
calculation  of  the  feed  horn  and  tlie  subreflector  radi¬ 
ated  fields  at  an  arbitrary  distance  from  the  source.  The 
coefficients  of  SWE  are  obtained  by  using  orthogonality 
of  tlie  spherical  waves  functions  and  calculated  fields  at 
the  horn  aperture  for  the  horn  radiated  fields  and  by 
using  currents  at  the  subreflector  surface  for  the  subre¬ 
flector  radiated  fields.  The  integration  over  azimuth 
coordinate  cp  is  perfonned  analytically. 
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The  currents  at  the  subreflector  and  the  main  reflector 
surfaces  are  calculated  by  PO-method.  Assumptions  of 
infinitesimal  thickness  and  infinite  conductance  of  the 
surfaces  are  accepted.  Far-field  radiation  pattern  of  the 
antenna  on  the  whole  is  calculated  using  Kirchhoff- 
Huygens-Silver  integral  with  analjtic  integration  of  the 
currents  over  azimuth  coordinate  cp. 

Multiple  reflections  between  feed  horn  and  subreflector 
(including  shading  the  subreflector  by  the  horn)  are 
taken  into  account  using  iterative  procedure,  where 
field  Os  reflected  from  the  subreflector  is  added  to  the  of 
field  Ofl  reflected  from  the  free  space  without  influence 
subreflector: 

a^^ao+Os. 

Obtained  amplitude  02  is  used  in  (4)  and  after  that  a 
new  value  of  field  reflected  from  tlie  subreflector  will 
be  found.  This  iterative  procedure  converges  quite  fast 
(only  3-5  iterations  are  necessary). 

The  main  aperture  blockage  is  introduced  and  correc¬ 
tion  for  the  first  sidelobes  is  provided  by  zeroing  the 
induced  currents  in  the  blocked  region. 

To  illustrate  the  extreme  convergence  rate  of  the  sug¬ 
gested  method  of  diffraction  synthesis  of  axially  sym¬ 
metric  dual-reflector  antennas  (Fig.  3)  we  used  an  ex¬ 
ample  of  synthesis  of  antenna  with  uniform  amplitude 
and  phase  distributions  in  the  main  reflector  aperture. 
Our  purpose  was  to  produce  the  unifonn  phase  distri¬ 
bution  and,  respectively,  only  one  new  modified  design 
objective  was  generated. 


A 


Fig.  4.  Actual  and  modified  required  amplitude 
distributions  of  the  field  in  the  main  reflector  aperture, 
used  in  the  iterative  procedure 

Consider  now  the  more  sophisticated  case  when  we 
have  to  generate  two  modified  functions  simultaneously 
for  two  independent  characteristics,  namely,  tlie  am¬ 
plitude  and  phase  distributions  of  field  in  the  main 
reflector  aperture.  The  actual  required  amplitude  dis¬ 
tribution  for  the  antenna  whose  main  reflector  diameter 
is  3.66  m  and  its  subreflector  diameter  is  0.43  m  is 
shown  in  Fig.  4  by  a  solid  line  with  diamond-shaped 


marks.  This  amplitude  distribution,  together  with  uni¬ 
form  phase  distribution,  provides  a  level  of  side  lobe 
envelope,  meeting  the  current  CCIR  requirements  for 
earth  station  antennas:  29-25  lg0  (dBi)  in  the  angle 
sector  1...20  degrees  (Fig.  5,  solid  line).  In  order  to 
avoid  exceeding  side  lobe  peaks  over  the  required  en¬ 
velope  in  the  angle  sector  not  covered  by  the  subreflec¬ 
tor,  the  angle  of  subreflector  edge,  seen  fi-om  the  phase 
center  of  the  horn,  was  taken  25°. 

All  the  amplitude  distributions  given  below  are  ob¬ 
tained  as  normalized  components  of  the  aperture  distri¬ 
bution  of  the  field  with  the  main  polarization  which 
have  been  averaged  over  two  main  planes.  In  this  case 
the  normalizing  coefficient  is  so  chosen  that  the  nor¬ 
malized  aperture  distribution  of  the  field  is  transmitting 
the  same  power  as  the  unit  uniform  distribution  written 
in  the  form  A(p)  =  I  at  r  < p  < R  where  r  is  the  subre¬ 
flector  radius,  and  R  is  tlie  main  reflector  radius.  Then 
the  normalizing  coefficient 


Variations  of  the  modified  required  amplitude  and 
phase  distributions  of  the  field  in  the  main  reflector 
aperture  at  each  iteration  are  presented  in  Figs.  4  and  6 
while  the  corresponding  distributions  obtained  are 
shown  in  Figs.  7  and  8.  Note,  that  only  three  iterations 
were  necessary  to  produce  the  actual  required  ampli¬ 
tude  distribution  of  the  field  on  the  main  reflector  ap¬ 
erture.  In  order  to  get  the  actual  uniform  phase  distri¬ 
bution  on  the  main  reflector  aperture  we  had  to  perfonn 
an  additional  iteration  in  which  we  changed  only  the 
modified  required  phase  distribution  of  the  field  while 
tlie  modified  required  amplitude  distribution  remains 
the  same  as  in  tlie  previous  iteration. 


F,  dB 


Fig.  5.  Required  and  obtained  far-field  radiation  patterns 
of  the  synthesized  antenna 

The  dotted  line  in  Fig.  5  corresponds  to  the  radiation 
pattern  of  the  antenna  synthesized  by  this  method.  As 
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may  be  seen  in  the  figure,  the  task  of  synthesis  of  the 
dual  reflector  antenna  that  produces  actual  required 
radiation  pattern  has  been  completely  performed.  Here 
the  calculated  efficiency  of  the  antenna  reaches  87.8% 
while  maximum  attainable  value  for  the  initial  required 
distribution  is  90%. 


Fig.  6.  Actual  and  modified  required  phase  distributions 
of  the  field  in  the  main  reflector  aperture, 
used  in  the  iterative  procedure 


In  addition,  a  comparison  between  tlie  suggested 
method  of  S3'nthcsiE  and  optimization  using  the  corre¬ 
lation  integral  between  the  ti-ansmitted  and  received 
fields  on  relleclors'  surfaces  f31  has  been  made.  One 
may  see  in  Fig.  9  that  the  suggested  method  gives  more 
close  amplitude  distribution  to  the  actual  required  one, 
especially,  at  the  edge  of  the  main  reflector  aperture. 
The  reason  is  that  the  conclation  method  of  optimiza¬ 
tion  is  seeking  a  compromise  between  the  required 
amplitude  distribution  and  the  power  level  flowing  to 
the  main  reflector.  Tliis  level  arises  from  the  fmiteness 
of  the  steepness  of  the  pattern  of  the  field  scattering  by 
the  subrcflector  in  the  direction  of  the  main  reflector 
edge  131. 

A 


Fig.  7.  Actual  required  and  obtained  in  the  iterative 
procedure  amplitude  distributions  of  the  field  in  the 
main  reflector  aperture 


By  using  the  suggested  method  and  the  new  field  theory 
approach  the  optimized  dual  reflector  omnidirectional 
antenna  for  MMDS  base  station  (Fig.  10)  has  been 
developed. 
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Fig.  8.  Phase  distributions  of  the  field  in  the  main 
reflector  aperture  obtained  in  the  iterative  procedure 
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field  in  the  main  reflector  aperture 
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APPLICATION  OF  THE  METHOD 
TO  IMPROVEMENT  OF  PERFORMANCES 
OF  EXISTING  LARGE  DUAL  REFLECTOR 
ANTENNAS 

In  this  section  we  show  how  the  suggested  universal 
iterative  synthesis  technique  may  be  applied  to  radia¬ 
tion  pattern  control  of  existing  large  dual-reflector 
antennas,  namely,  to  reduction  of  their  sidelobes  in 
order  to  meet  the  current  stringent  CCIR  requirements 
to  earth  station  anteimas. 

In  this  case  the  block  diagram  in  Fig.  i  is  transformed 
to  the  block  diagram,  shown  in  Fig.  11.  The  main  fea¬ 
ture  of  this  procedure  is  the  fact  that  now  in  the  first 
iteration  we  may  also  have  accurate  measured  charac¬ 
teristics  of  interest  and  use  the  characteristics  for  gen¬ 
eration  in  equation  (1)  as  follows: 

QT -cf -(c|i-C|i),^  =  l,2...,  (7) 

where  C|j  is  the  measured  ^-th  characteristic  of  tlie 
object  under  synthesis. 

From  this  formula  follows  tliat  in  the  first  iteration 
actual  required  A:-tli  characteristic  is  modified  by  a 
difference  between  measured  and  calculated  ^-th  char¬ 
acteristic.  Clearly,  that  only  in  the  case,  when  this  dif¬ 
ference  is  negligible,  C"[  «  C^'' .  Therefore,  there  are 
several  reasons  for  using  the  procedure  in  Fig.  1 1  for 
updating  existing  large  dual  reflector  antemias: 

•  Experimental  data  for  the  existing  antenna.?,  that 
take  account  of  manufacturing  errors,  main  reflector 
and  subreflector  edge  diffraction,  strut  diffraction, 
feed  spillover  and  scattering  of  reflected  power  by 
feed,  can  be  used  in  the  first  iteration. 

•  Second  or  third  iteration  would  produce  a  correct 
result  because  the  new  modified  design  objectives 
are  generated  taking  account  of  constant  differences 
between  accurate  measured  and  non-rigorous  cal¬ 
culated  characteristics. 

•  Non-rigorous  analysis  can  be  actually  used  and 
nevertheless  will  give  reliable  results  of  the  synthe¬ 
sis  due  to  the  reasons  stated  above. 

It  is  necessary  to  note,  that  an  antenna  under  design  has 
to  be  near  the  required  optimum.  For  instance,  these 
ones  are  antennas  that  have  been  designed  for  maxi¬ 
mum  efficiency  or  for  32-251g(0)  radiation  pattern 
envelope. 

In  order  to  synthesize  a  new  geometry  of  the  feed  sys¬ 
tem  allowing  for  reduction  of  the  side  lobe  envelope  of 
already  existing  axially  symmetrical  dual-reflector 
antennas  to  the  levels  stipulated  by  the  INTEL- 
SAT/EUTELSAT  standards,  an  iterative  procedure 
presented  in  Fig.  1 1  is  used. 


To  prevent  the  elevation  of  the  modified  antenna  radia¬ 
tion  pattern  arising  from  the  side  lobes  compared  to  the 
standard  envelope  we  have  to  generate  such  a  distribu¬ 
tion  on  the  aperture  of  the  main  reflector  which  has  a 
steeper  decrease  and  a  lower  level  at  tlie  shadow 
boundary  of  tlte  subreflector  and  at  the  edge  of  the  main 
reflector  as  compared  to  the  already  available  version. 
It  is  known,  however,  that  in  order  to  obtain  simultane¬ 
ously  the  required  amplitude  and  phase  distribution  on 
the  main  reflector  (and,  hence,  the  required  radiation 
pattern),  two  surfaces  are  necessary.  Thus,  the  variation 
of  the  amplitude  distribution  without  changes  of  the 
phase  one  and  with  the  use  of  geometrical  optics  may 
be  achieved  only  by  varying  a  feed  radiation  pattern  if 
the  profile  of  the  main  reflector  remains  unchanged. 
However,  if  we  make  the  following  assumptions;  1)  tlie 
possibiliU'  for  small  deviations  of  phase;  and  2)  the 
antenna  under  optimization  which  has  been  designed 
by  the  geometric  optics  method,  has  a  reserve  of  effi¬ 
ciency,  which  may  be  used  for  variations  of  the  aperture 
distribution  of  field  on  the  main  reflector,  then  dimin¬ 
ishing  the  level  of  the  side  lobes  of  the  dual-reflector 
anterma  may  be  achieved  by  simultaneous  changing  of 
the  feed  and  the  subreflector  profile  which  provides 
much  more  freedom  for  optimization.  In  a  less  general 
case  only  tlie  subreflector  may  be  replaced. 


Fig.  11.  Application  of  the  iterative  synthesis  method  to 
updating  existing  large  dual  reflector  antennas. 
Dotted  lines  are  related  to  the  first  iteration  only 


Eventually  the  procedure  of  syntliesizing  new  geometry 
of  a  feed  system  was  defined  as  follows; 

1)  choosing  such  a  spacing  between  tlie  feed  horn 
which  reduces  tlie  power  spilling  over  the  subreflector 
rim  to  the  required  level. 
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2)  employing  the  above  iterative  method  of  diffraction 
synthesis  of  anteimas  except  for  the  fact  that,  within  the 
geometric  optics  approximation,  we  synthesize  such  an 
antenna  that  provides  required  amplitude  and  phase 
distribution  with  minimum  deviation  of  the  main  re¬ 
flector  profile  from  the  existing  one.  It  is  performed 
with  the  aid  of  an  iterative  procedure  of  fitting  the 
distance  between  the  main  reflector  and  subrcflector  in 
the  process  of  the  geometric-and-optical  synthesis. 

3)  peiforming  the  diffraction  optimization  of  the  subre¬ 
flector  profile  (using  the  profile  of  the  existing  main 
refle.ctor)  based  on  Wood's  iterative  procedure  p]  to 
obtain  maximum  uniformity  of  the  phase  distribution  in 
the  main  reflector  aperture. 

F,  dB 


Fig.  12.  Radiation  pattern  of  the  existing  3.66  m 
dual-reflector  antenna 


istics  of  already  available  large  dual-reflector  antennas 
let  us  consider  the  results  of  synthesis  of  a  new  feed 
system  for  existing  3.66  m  Cassegrainian  antenna. 


A 


The  method  of  diffraction  optimization  of  subrefleclor 
used  here  is  somewhat  modified  compared  to  that  in 
[3].  Here  the  planar  uniform  wave  in  the  main  reflector 
aperture  is  replaced  by  the  planar  wave  having  the 
desirable  amplitude  distribution. 

F,dB 


Fig.  13.  Radiation  pattern  of  the  3.66  m  antenna  after 
optimization  of  the  feed  system 

As  an  illustration  of  applicability  of  the  suggested  fast- 
convergent  method  to  improving  the  electric  character¬ 


Fig.  14.  Amplitude  and  phase  distributions  of  the  field 
in  the  main  reflector  aperture 


Fig.  15.  Updated  3.66  m  dual  reflector  antenna  at  the 
Ukrainian  National  Exhibition  Center 

The  new  feed  system  is  designed  to  reduce  the  side  lobe 
levels  of  tlie  radiation  pattern  to  the  values  permitted  by 
CCIR  standards  for  ground  station  antennas.  The  cal¬ 
culated  radiation  pattern  of  this  antenna  at  frequency 
11.7  GHz  is  shown  in  Fig.  12.  This  modified 
Cassegrainian  antenna  was  designed  using  the  geomet¬ 
ric  optics  method  to  obtain  maximum  efficiency  in  the 
down-link  frequency  range  of  /f«-band  (10.7.. .12.7 
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GHz).  As  may  be  seen  from  Fig.  12,  several  side  lobes 
including  those  dealing  with  spillover  of  the  power 
outside  the  subreflector,  are  elevated  over  the  side  lobe 
envelope  permissible  by  the  INTELSAT  standard. 

Optimization  of  this  antenna  was  performed  according 
to  the  method  (Fig.  11).  The  amplitude  distribution  was 
identical  to  that  used  for  tlie  above  syntliesis  of  the 
antenna.  The  initial  horn  was  replaced  by  the  syntlie- 
sizcd  horn,  providing  the  required  characteristics  in  the 
whole  ATu-band.  The  calculated  radiation  pattern  of  the 
updated  antenna  at  frequency  11.7  GHz  is  presented  in 
Fig.  13.  Here  one  may  see  that  the  peaks  of  the  side 
lobes  do  not  exceed  the  side  lobe  envelope  prescribed  by 
INTELSAT,  so  the  antenna  may  be  employed  in  earth 
stations  which  use  the  space  segments  INTEL- 
SAT/EUTELSAT. 

Figures  14a, b  show,  respectively,  the  amplitude  and 
phase  distributions  of  tlie  field  in  the  aperture  of  the 
antenna  main  reflector.  After  optimization  the  field 
amplitude  distribution  in  the  main  reflector  aperture 
has  changed  sharply  (Fig.  14a)  which  caused  decreas¬ 
ing  the  side  lobe  level.  As  a  consequence,  one  could 
expect  simultaneous  decrease  of  the  antenna  efficiency. 
However,  due  to  application  of  the  diffraction  optimi¬ 
zation  of  the  subreflector  profile,  the  phase  distribution 
became  more  uniform  (Fig.  14b)  and,  as  a  result,  the 
antenna  efficiency  remained  as  before  the  optimization. 
This  syntliesized  3.66  m  transmit-receive  eartli  station 
antenna  (Fig.  15)  is  now  under  production  at  design 
office  “Promin”  (Temopil,  Ukraine). 


Fig.  16.  Measured  radiation  pattern  of  the  existing  7.0  m 
dual-reflector  antenna 


Another  example  of  the  improvement  of  electrical 
characteristics  of  existing  large  dual-reflector  antennas 
to  meet  INTELSAT/EUTELSAT  earth  station  require¬ 
ments  is  a  7  m  Ku-band  Cassegrainian  earth  station 
antenna.  Measured  pattern  of  this  antenna  is  shown  in 
Fig.  16.  This  modified  Cassegrain  antenna  was  de¬ 


signed  for  maximal  efficiency  using  GO-method.  It  is 
seen  from  Fig.  16,  that  several  sidelobe  peaks  and  we 
applied  the  iterative  procedure  (Fig.  11)  and  only  one 
iteration  has  provided  the  required  characteristics  spill¬ 
over  exceed  the  INTELSAT  sidelobe  mandatory  re¬ 
quirements. 


Fig.  17.  Measured  radiation  pattern  of  the  updated 
7.0  m  dual-reflector  antenna 


Fig.  18.  Updated  7  m  dual  reflector  antenna 
at  Kyiv  uplink  station 


Measured  radiation  pattern  of  the  antenna  is  presented 
in  Fig.  17,  which  confirms,  that  sidelobes  peaks  and 
spillover  do  not  already  exceed  INTELSAT  sidelobe 
mandatory  requirements.  Moreover,  the  efficiency  re¬ 
mained  the  same  due  to  Wood’s  iterative  design.  This 
antenna  (Fig.  18)  is  manufactured  at  plant  “Saturn” 
(Temopil,  Ukraine)  and  exported  to  European  countries. 
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APPLICATION  OF  THE  METHOD  TO  DESIGN 
OF  SOME  MICROWAVE  COMPONENTS 

This  section  presents  results  of  application  of  tlie 
method  to  design  some  high  performance  microwave 
components.  To  start  with,  consider  the  synthesis  of  a 
wideband  waveguide  ridged  polarizer.  The  problem 
was  to  synthesize  the  geometry  of  the  ridges  which 
provides  tlic  differential  phase  shift  90±2  degrees  in  the 
required  frequency  range  (more  than  10%).  To  solve 
the  problem  we  have  analyzed  the  irregular  ridged 
waveguide  structure,  shown  in  Fig.  19, 


Fig.  20.  Frequency  dependence  of  VSWR  of  the 
polarizer  in  the  iterative  synthesis  procedure 


After  the  approximate  synthesis,  the  polarizer  geometry 
with  differential  phase  shift  characteristic  close  to  the 
required  one  was  obtained  (curve  1  in  Fig.  20).  Then 
using  rigorous  analysis  accurate  differential  phase  shift 
characteristic  for  tins  geometry  was  obtained  (curve  2 
in  Fig.  20).  After  the  modifications  of  the  input  data  in 
accordance  with  equation  (1)  and  second  iteration  com¬ 
pletion  another  geometry  of  the  polarizer  has  been 
obtained.  A  differential  phase  shift  characteristics  cor¬ 
responding  to  the  new  modified  design  objective  and 
rigorous  calculation  for  the  determined  geometry  of  the 
polarizer  are  shown  in  Fig.  20  (curve  3  and  4  accord¬ 
ingly). 

By  means  of  developed  method  we  have  also  designed  a 
unique  high  performance  waveguide  ridged  rotator  and 
tunable  bandpass  filters  with  near  constant  bandwidth. 


In  particular,  the  unique  rotator  built  prototype  pro¬ 
vides  constant  differential  phase  shift  180°  over  20% 
frequency  band  and  VSWR<1.15.  It  is  worthy  to  note, 
that  the  new  designed,  developed,  constructed  and 
tested  mechanically  tunable  waveguide  narrow  band¬ 
pass  filter  prototype  has  got  all  over  tire  tuning  fre¬ 
quency  range  4. 4... 5.0  GHz  near  constant  bandwidth 
35  ±  2  MHz,  insertion  loss  in  pass  band  less  than  1.3 
dB,  VSWR  <  1.4  and  insertion  loss  values  at  frequen¬ 
cies  fo  ±  60  MHz  more  than  50  dB  and  at  fo  ±1 30  MHz 
-  more  tlian  85  dB.  The  e.xcellent  perfonnances  of  the 
filter  has  been  achieved  due  to  idea  of  the  proper  com¬ 
bining  inductive  and  capasitive  discontinuities  and 
using  in  the  iterative  synthesis  procedure  the  developed 
adequate  mathematical  mode!  that  base  on  generalized 
scattering  matrices  and  exclude  entirely  a  necessity  of 
any  adjusting  the  filter  after  the  accurate  fabrication. 

CONCLUSION 

This  paper  introduced  the  new  highly  efficient  method 
of  symthesis  of  physical  objects.  Contrary  to  most  clas¬ 
sical  optimization  methods  a  guesswork  in  this  method 
is  essentially  reduced  or  fiilly  removed.  It  has  been 
shown  that  due  to  the  proper  combining  in  each  itera¬ 
tion  a  fast  approximate  analytic  or  parametric  synthesis 
with  rigorous  analysis  and  the  proper  generating  a  new 
modified  design  objective  the  iterative  process  is  ex¬ 
tremely  fast-convergent.  In  practice  only  a  few  itera¬ 
tions  are  needed  to  complete  the  optimization  proce¬ 
dure.  The  method  v/as  successfully  applied  to  design  of 
high-performance  dual-reflector  earth  station  antennas, 
antennas  for  MMDS  base  stations,  log-periodic  dipole 
antennas,  septum  OMTs,  polarizers,  rotators,  filters, 
etc.  Such  important  features  of  the  method  as  very  fast 
convergence,  universality  and  reliability  have  been 
practically  demonstrated.  These  appealing  features, 
despite  the  fact  that  the  method  has  not  been  mathe¬ 
matically  proven  yet,  give  a  hope  to  the  author  that  this 
method  may  become  a  popular  design  tool  for  practical 
synthesis  of  various  electromagnetic  and  other  devices. 
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INTRODUCTION 

The  design  of  printed  antenna  arrays  follows  mainly 
two  rules  which  are:  first  the  choice  of  the  elementary 
source  and  secondly  the  choice  of  tlie  architecture  of  the 
array  itself.  At  each  stage  the  constraints  of  SWR,  po¬ 
larization,  frequency  bandwidth,  the  required  patterns, 
the  feeding  network... need  choices  between  conflicting 
requirements.  Moreover  the  flexibility  of  the  printed 
technology  offers  the  possibilities  of  innovative  radiat¬ 
ing  structures  well  suited  to  these  various  systems  re¬ 
quirements  (frequency,  bandwidth,  gain,  size,  pat¬ 
terns...).  The  paper  shows  first  various  printed  sources 
developped  in  the  Antenna  Laboratory  and  classified 
through  their  bandtvidth  (from  few  %  up  to  50  %  or 
more).  The  mutual  coupling  is  a  strong  constraint  for 
large  bandwidth  array  but  can  be  neglected  in  many 
cases  when  the  distance  between  elements  is  large 
enough.  Then  different  array  architectures  are  pre¬ 
sented  for  different  kinds  of  patterns  and  bandwidth. 
Some  of  the  arrays  have  received  applications;  for  in¬ 
stance  dual  beam  doppler  radar  for  accurate  measure¬ 
ments  of  speed  [1]. 

THE  RADIATING  SOURCES 

Sources  with  1%  to  5  %  Bandwitdth: 

The  most  common  source  is  the  patch  printed  on  one 
dielectric  layer  of  limited  thickness.  The  shape  can  be 
rectangular,  square,  circular... and  various  feedings 


have  been  used  (microstrip  line,  coaxial,  electromag¬ 
netic  coupling  with  slot  for  instance).  Some  examples 
are  shown  on  Fig.  1.  These  patches  can  be  modelized  as 
resonant  cavities  which  exhibit  radiation  losses  (from 
edge  magnetic  currents)  in  addition  to  the  dielectric, 
metallic  and  surface  wave  losses. 

The  comer  fed  patch  has  received  a  special  interest 
because  it  provides  a  high  input  impedance  (superposi¬ 
tion  of  two  degenerate  modes  (0.1)  +  (1.0))  well  suited 
for  serie's  array  [2|.  The  equivalent  circuit  is  shown  on 
the  Fig.  2;  it  includes  the  resonant  tank  circuit  which 
describes  the  radiating  patch  itself  and  a  T  discontinu¬ 
ity  modelised  by  a  transformer  rij  and  a„  inductance  Lj  . 
Lp  takes  into  account  the  effects  of  the  higher  order 
modes.  The  input  resistance  has  been  plotted  versus 
W/h  in  C,  X,  K  bands  and  typical  dielectric  thicknesses 
(1.57  mm,  0.79  mm,  0.38  mm  respectively). 

Sources  with  5%  to  50  %  or  Higher  Bandwitdth: 

To  increase  the  frequency  bandwidth  the  main  idea  is 
to  increase  the  thickness  or  to  use  mutual  coupling 
effects  between  the  different  parts  of  the  anterma  as  a 
beneficial  consequence.  Stacked  corner  fed  patch  can 
exhibit  a  larger  bandwidth  (typically  20  %)  thanks  to  a 
parasitic  patch  of  proper  size  and  a  correct  air  gap 
(typically  1  to  2  mm  in  X  band). 

However  when  a  bandwidth  up  to  50  %  or  more  is 
desired,  the  distance  from  the  ground  plane  must  be 
larger  and  can  reach  a  quarter  wave-length.  Then  the 
feeding  stnicture  has  to  support  also  this  bandwidth  and 


Fig.  1.  Examples  of  microstrip  patches  and  feedings:  slot  fed  patch  (a); 
corner  fed  patch  and  the  field  distribution  at  the  edge  (b) 
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Fig.  2.  Corner  fed  square  patches:  equivalent  circuit  (a); 
variation  of  the  resistance  at  resonance  in  C,X,K  band  (b) 


^^^^Parasitic  antenna 

h  ^^Fecding  antenna 

(jrounJplane 

Side  view 


Fig.  3.  Large  bandwidth  dual  polarized  printed  antennas:  sleeve  dipoles  (a);  double  slotted  patch  (b) 


the  baluns  are  often  TEM  lines  such  as  coaxial  cables 
or  microstrip  lines.  Two  examples  of  such  antennas 
(both  being  dual  polarised)  are  shown  on  Fig.  3  [3]. 
The  first  case  is  a  double  sleeve  dipole  with  parasitics; 
the  parasitic  elements  have  been  designed  (lengths  and 
positions)  in  order  to  increase  the  bandwidth.  As  the 
mutual  coupling  play  a  fundamental  role  a  full  wave 
analysis  was  necessary:  here  an  integral  equation  on 
currents  solved  by  a  moment  method  has  been  used. 
The  second  antenna  is  a  double  slotted  patch  with  lin¬ 
ear  slots  ended  by  triangular  slots.  The  current  distri¬ 
bution  shows  that  current  lines  exhibit  loop  shape  and 
as  a  consequence  the  external  dimensions  remain  small 
in  the  whole  frequency  band  (50  %).  The  electromag¬ 
netic  analysis  leads  to  an  integral  equation  solved  by  a 
moment  method  also. 

THE  ARRAYS 

When  the  distance  between  elements  is  large  enough 
(typically  >  0.6  )  the  mutual  coupling  remains  small; 

the  antennas  can  be  considered  as  being  independant. 


The  problem  is  reduced  to  the  computation  of  the  in¬ 
terferences  of  sources.  However  for  given  sources  the 
architecture  have  to  be  defined  in  order  to  get  the  de¬ 
sired  pattern  (synthesis  problem  with  constraints)  or  to 
choose  proper  pattern  sources  to  increase  or  reduced 
some  angular  part  of  the  array  pattern.  As  an  example 
the  design  of  dual  beam,  multibeam,  sector  beam  an¬ 
tennas  is  developped  for  narrow  bandwidth.  Large 
bandwidth  arrays  are  considered  after  with  an  example. 

Pattern  Synthesis  of  Dual  Beam  Antenna 
with  Low  Side  Lobes 

Let  us  consider  a  linear  array  of  2N  square  patch  an¬ 
tennas  fed  at  theirs  comers  by  a  microstrip  line,  which 
is  excited  at  its  center  by  a  coaxial  probe  (Fig.  4). 

Amplitude  distribution 

If  we  keep  a  wavelength  spacing  between  tlie  elements, 
impedance  transformers  are  necessary  to  obtain  the 
given  amplitude  currents.  To  do  this,  a  two-step  quar- 
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ter-wave  transformer  can  be  used  in  each  cell.  The 
transformed  admittance  Yj  in  the  Ttj'  plane  is  given  by 


\Yiaj 


(1) 


It  must  be  noticed  that  numerical  synthesis  methods 
have  been  developed  [2],  [3]  in  order  to  get  the  current 
distribution,  taking  into  account  Uie  radiation  pattern  of 
the  elementary  sources. 

Phase  excitation: 


where  7, -4.1  is  the  admittance  of  node  (/  +  1),  and  Yj^2 
and  Yj^i  are  the  characteristic  admittances  of  each 
quarter-wavelength  transformer.  If  necessary,  four 
quarter-wave  transformers  can  be  inserted  when  the 
spacing  equals  one  wavelength. 


JX _ 

m  x/4 


Fig.  4.  Tapered  linear  serie's  array 
and  its  equivalent  circuit 


When  the  input  voltage  leads  to  a  unit  current  in  the 
first  element,  the  current  distribution  is  readily  obtained 
with  the  following  relations: 

Io=Y^V  =  l 

h  =  =  «1  (2) 

If 


A  simple  equal-phase  excited  dual-beam  array  can  be 
made  if  the  electrical  length  of  the  feeding  line  between 
two  patches  is  a  multiple  of  tlie  guided  wavelength  [1]. 
Considering  the  patches  located  alternatively  at  each 
side  of  the  feeding  line  (and  as  a  result  a  180°  phase 
shift  (Fig.  5)),  the  physical  distance  dg  between  such 

sources  will  define  the  angular  positions  IOq  of  the 
two  main  lobes  which  are  botli  located  in  the  visible 


region: 


(3) 


To  reduce  the  beam  tilt  the  first  idea  is  to  increase  the 
distance.  However  if  the  distance  is  too  large  grating 
lobes  appear  and  foiu  beams  are  obtained  (Fig.  6).  If  we 
consider  a  group  of  two  "in  phase  sources"  with  a 
spacing  de  =  0.64A,o,  it  exhibits  a  more  directive  pattern 
with  two  nulls  which  arise  at  Xo  =  +55°.  If  we  consider 
an  array  (Fig.  5b)  of  such  group  of  sources,  it  is  clear 
tliat  the  null  of  the  elementary  source  will  cancel  the 
grating  lobe  which  stands  at  the  same  amplitude  (Fig. 
5b'). 


Pattern  Synthesis  of  Sector  Beam  Antenna 
with  Low  Side-Lobes 

The  problem  is  very  similar  to  the  previous  one.  It  is 
well  known  that  the  far  field  is  the  Fourier  transfonn  of 


ds  , 


(a) 

Tapered  linear  serie's  array  of  square  fed  patch 
(with  spacing  ds  =  1.93  Xo) 


(b) 

Tapered  linear  serie's  array  of  group  of  sources 
(with  de  =  0.64  Xo  and  spacing  ds  =  1.93  Xo) 


(a') 

Pattern  of  tapered  linear  serie's  array  of  square  fed 
patch  (with  spacing  ds  -  1.93  Xo) 
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(a) 


(b) 


(b') 

Pattern  of  a  group  of  2  sources  (with  de  -  0.64  Xo)  and 
resultant  pattern  of  the  tapered  linear  serie's  array 
(with  spacing  ds  =  1.93  Xo) 


Fig.  5.  Tapered  linear  serie's  arrays  and  suppression  of  grating  lobes 
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(a) 

Tapered  linear  serie's  array  of  square  fed  patches 
for  sector  beam  of  90  ° 


(a’) 

Sector  pattern  of  the  tapered  linear  serie's  array 


Fig.  6.  Tapered  linear  serie's  arrays  with  a  sectoral  pattern 


-90  -45  0  45  90 

Angle  (deg.) 


Fig.  7.  Array  of  2X9  dual  polarized  slotted  antennas  and  the  H  plane  pattern  at  4  GHz. 
Distance  between  elements  is  85  mm.  One  array  is  uniformly  fed.  The  other  is  loaded 


the  antenna  distributed  excitation.  Then  a  sector  beam 
is  obtained  thanks  to  a  sin(x)/x  excitation.  The  ampli¬ 
tude  distribution  can  be  realized  with  quarter  w'ave 
transformer  and  the  180°  of  phase  shift  (negative  sign 
of  sin(x)/x)  tlianks  to  the  alternate  positions  of  the  patch 
along  the  feeding  line  as  before.  If  the  feeding  lines  are 
simple  straight  printed  lines  on  usual  polymer  substrate 
(with  dielectric  constant  near  2)  then  the  distance  d  = 
Xg  #  0.75  Xo.The  pattern  of  an  array  with  such  a  dis¬ 
tance  is  given  by; 


Whatever  are  a,  it  is  clear  that  _/(d)  will  be  null  wdren 
sin(O)  =  wliich  is  obtained  for  0  =  42°  with 

2Xg 

classical  polymers.  To  avoid  this  constraint  and  in¬ 
crease  the  sector  beamwidth  one  solution  is  to  reduce 
the  distance  2di  between  tire  first  elements.  To  reach 
45°  it  was  necessary  to  reduce  di  down  to  0.25Xo.  A 


second  important  effect  can  come  from  the  coaxial 
feeding  point  itself  which  often  acts  as  parasitic  source. 
To  reduce  this  effect  a  small  increase  of  the  microstrip 
line  width  located  in  front  tire  coaxial  was  enough  to 
keep  side  lobe  level  smaller  than  -25  dB.  The  Fig.  6 
shows  the  ali-ucture  and  the  result  obtained  for  an  array 
printed  on  polymer  substrate  (thickness  =  0.8  mm, 
distribution:  ai  =  1,  02=  -0.218,  03=  0.117,  04=  -0.082, 
as  =  0.074,  d  =  0.75?.o  and  d^  =  0.25  Xq). 

These  different  pattern  synthesis  witli  equal  or  unequal 
spacings  were  performed  using  synthesis  algorithms 
developed  in  the  laboratoiy.  They  are  mainly  based  on 
optimization  process  under  constraints  such  as  relaxa¬ 
tion  and  simplex  [4].  Mutual  coupling  is  ignored  in  tliis 
case. 

Pattern  of  Large  Bandwidth  A-rray  (2-4  GHz) 

The  design  of  large  bandwidth  arrays  is  far  more  diffi¬ 
cult  and  often  needs  a  full  wave  analysis  including  all 
the  mutual  couplings  [5].  The  element  pattern  is  not  the 
same  for  all  tlie  radiating  elements  and  active  patterns 
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depend  on  the  position  in  tlie  full  array.  Here  is  shown 
the  geometry  of  an  two  overlapped  arrays  of  9  elements 
each  (one  for  emission  and  the  other  for  reception)  and 
the  pattern  of  one  of  them  for  both  polarization.  Mutual 
coupling  leads  to  distorsion  and  an  increase  of  die  side 
lobes.  The  numerical  code  ANTEF  was  used  to  solve 
this  problem  (10000  unknowns). 

CONCLUSION 

Various  printed  antenna  arrays  have  been  shown.  Their 
designs  need  first  the  choice  of  a  patch  element.  When 
the  bandwidth  requirement  is  limited  to  some  percents 
then  patch  printed  on  one  dielectric  layer  is  enough. 
Moreover  the  limited  bandwidth  enables  the  designer  to 
used  serie's  structures.  Here  two  different  kinds  of  pat¬ 
terns  have  been  presented:  directive  multibeams  and 
sector  beam.  Results  of  large  bandwidth  arrays  have 
been  also  presented.  Extensions  of  these  flat  printed 
structures  have  been  studied  for  cylindrical  geometries. 
Some  arrays  of  square  fed  patches  have  also  received 
commercial  applications  [1]  and  they  w'ill  be  presented 
at  the  conference. 
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ABSTRACT 

An  electronically  tunable  planar  dipole  grid  deposited 
on  a  dielectric  substrate  is  described.  Such  dipole  grids 
can  be  used  as  active  frequency  selective  (FSS)  or  po¬ 
larization  sensitive  (PSS)  surfaces  in  reflector  antenna 
systems.  It  is  shown  how  the  resonance  frequency  of  the 
surface  can  be  tuned  by  changing  the  steering  voltage 
or  current  of  electronically  tunable  components  such  as 
varactor  diodes  or  YIG  films,  respectively,  imple¬ 
mented  with  each  of  the  dipoles.  The  analysis  of  the 
problem  is  based  upon  a  Floquet  theory  approach  for 
double  periodic  structures.  The  resulting  integral  equa¬ 
tion  for  the  current  distribution  is  numerically  solved  by 
the  method  of  moment  with  Galerkin's  weighting.  The 
experimental  investigations  of  the  reflection-  and 
transmission  coefficient  were  performed  by  a 
waveguide  simulation  technique  operating  from  7  to  16 
GHz.  A  dipole  grid  of  size  40x25  nim^  is  deposited 
inside  a  tapered  waveguide.  Results  show  tliat  the  reso¬ 
nance  frequency  can  be  tuned  around  9.85  GHz  by  a 
bandwidth  of  7  %  and  around  10.1  GKz  by  14  %  in 
case  of  capacitive  or  inductive  tuning,  respectively. 

INTRODUCTION 

The  concept  of  frequency'  selective  surfaces  have  found 
many  applications  in  microwave  antenna  systems  like 
subreflectors  in  reflector  antenna  configurations  or 
frequency  windows  in  antenna  radomes  [1],  For  com¬ 
munication  and  remote  sensing  satellites  reflector  an¬ 
tennas  with  single  or  multiple  feed  systems  are  prefered 
[2],  One  particular  disadvantage  of  a  passive  dichroic 
surface  is  that  once  designed  and  manufactured  there  is 
no  possibility  to  change  the  reflection  or  transmission 
characteristics  of  the  FSS/PSS.  For  many  applications  it 
would  be  desirable  to  have  a  controllable  reflectivity  or 
transmittivity  levels  at  selected  signal  frequencies 
or/and  polarization.  In  recent  years  there  were  many 
efforts  to  design  such  tunable  surfaces.  It  was  shown 
the  possibility  of  changing  the  transmission  response  of 
a  FSS  by  changing  liquids  within  the  substrate  [3]. 
Similar  results  can  be  obtained  for  dipole  grids  printed 
on  ferrite  substrates  which  are  biased  by  a  DC  magnetic 
field  [4,  5].  Two  arrays  of  dipoles  positioned  parallel 
and  in  close  proximity  to  each  other  show  a  shift  of  the 
reflection  response  by  varying  the  lateral  distance  [6]. 
This  paper  deals  with  the  electronic  shifting  of  the 


resonance  frequency  of  a  FSS.  One  advantage  of  such 
an  electronically  tunable  surface  is  to  be  able  to  control 
tlie  frequency  response  of  a  FSS  at  great  distances  (i.e. 
earth-satellite)  for  example  by  telecommand. 

CURRENT  DISTRIBUTION  - 
INTEGRAL  EQUATION 

Fig.  1  shows  the  geometry  of  a  two-dimensional  peri¬ 
odic  dipole  grid  in  the  x-y  plane.  Each  planar  dipole  on 
the  grid  is  loaded  by  equal  lumped  linear  elements  Zl,, 
at  location  /  (homogenuous  distribution).  In  order  to 
calculate  the  current  distribution  on  a  single  backscat- 
tering  element  we  start  from  the  surface  impedance 
boundary  condition  [7]: 

(I) 

where  -  incident  electric  fileld,  E^  -  scattered 
tangential  electric  field  maintained  by  the  surface  cun 
rent  on  the  dipole,  and  J,  -  induced  current  element  at 
the  location  i  of  the  lumped  element.  This  implies  that 
the  total  tangential  electric  field  vanishes  on  the  surface 
of  the  dipole  and  maintains  a  voltage  drop  across  the 

lumped  element.  The  scattered  field  E^  can  be  derived 
from  the  relationship 

E"=-yco|.L4  +  -^V(VJ),  (2) 

jaR 

where  A  is  tlie  vector  potential, 

00  00 

A=  j  jG(r,r')J(n(^x'ciy'  (3) 

— oo  — oo 

with  G  denoting  the  free  space  Green's  function  and  J 
the  unknown  surface  current  distribution.  According  to 
Floquet's  theorem  the  current  distribution  on  the  sur¬ 
face  can  be  expanded  in  a  double  infinite  Fourier  series 

1  ^  -i(k  x+k  Vi 

P=—00  p=-00 

(4) 

with  Floquet  modes  p,  q  and  k^pq,  kypq  as  propagation 
constants.  describes  a  function  in  spectral  do¬ 

main  and  is  valid  for  each  scattering  element  on  the 
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Fig.  1.  Geometry  of  a  two-dimensional  planar  dipole  grid  loaded  by  lumped  elements  Zi  with  c/12  vectors, 

dx.y  lateral-axial  spacing  and  Fthe  area  of  the  unit  cell 


surface.  For  its  calculation  it  is  sufficient  to  integrate 
only  over  one  element 

L/2  (0/2 

{k,pg,kyp^)  =  J  J  J{x, . 

-i/2  -(0/2 

(5) 


As  an  equivalent  technical  solution  an  inhomogeneous 
dipole  grid  (e.g.  varying  lateral  distance/dipole  length) 
turns  out  to  achieve  phase  changes  like  a  parabolically 
curved  reflector  (focusing  effect)  [10,  11]. 

NUMERICAL  RESULTS 


The  propagation  constants  for  the  geometry  in  Fig.  1  is 
given  by 


-^0  sin S cos cp , 

4 

271 

k  ypg  =  kosin^  cos  (p  +  (p  +  2g)- — —  .  (6) 

L+dy 

Substituting  (3)  in  (2)  yields  an  integral  equation  for 
the  current  distribution.  It  is  preferable  to  solve  this 
equation  in  the  spectral  domain.  In  the  spatial  domain 
the  scattered  field  is  the  convolution  of  the  dyadic 
Green's  function  with  the  current  distribution.  In  the 
spectral  domain  it  simplifies  to  a  multiplication  of  both 
Fourier  transforms.  After  taking  the  inverse  transfonn 
we  obtain  the  equation  for  the  unknown  current  distri¬ 
bution  on  a  free-standing  surface  [8,  9]: 


’  k?:-k^ 

"-O  ''■xpq 

-If  If 
'^xpq'^ypq 

pine 

t-f  y 

-k  k 
'^xpq'^ypq 

"-0  '^ypq 

xpq 

ypq. 


|g  j(Mxpq^-^^ypqy)  _  2^  , 


x,i 

yj 


(7) 


Here  the  r-component  of  the  propagation  vector  is 
given  by  k,p^  =  i.kl  -klpq-k^p^)''^  and  the  negative 

imaginary  part  is  taken  for  kl  <  k^pq  +kypg  (evanes¬ 
cent). 


Equation  (7)  is  numerically  solved  by  using  the  method 
of  moment  and  Galerkin's  weighting.  E.xpanding  the 
unknown  current  in  a  series  of  orthonormal  basis  func¬ 
tions  a  matrix  equation  is  derived.  Because  of  the 
abruptly  varying  features  of  the  current  distribution  due 
to  the  lumped  elements,  subdomain  rooftop  basis  func¬ 
tions  are  chosen  to  represent  the  current  adequatly.  Fig. 
2  shows  the  calculated  copolar  transmission  coefficient 
for  a  capacitively  center-loaded  dipole  grid  with  rectan¬ 
gular  geometry  (Z  ^1,^2  obvious  that  the 

resonance  frequency  (A,/2-resonance)  of  the  surface  can 
be  shifted  continuously  from  about  11.8  GHz  to  9.2 
GHz  by  varying  the  capacitively  loading  from  10  fF  to 
100  fF  (e.g.  by  tuning  of  bias  voltage  of  a  varactor  di¬ 
ode).  Because  of  a  minimum  of  the  current  distribution 
on  the  load  location  the  ?t-resonance  is  fixed  at  about 
12.2  GHz. 

EXPERIMENTAL  INVESTIGATIONS 

The  measurements  were  made  using  a  tapered 
waveguide  simulator  (aperture  size  25x40  mm)  with  a 
calibrated  frequency  range  from  7  to  16  GHz  associated 
with  varying  the  angle  of  incidence  (71E,o-mode)  from 
about  32°  to  13°  (Fig.  3).  The  measured  frequency 
response  from  a  small  dipole  grid  size  inside  a 
waveguide  simulator  is  equivalent  to  a  free  space  ex¬ 
periment  with  a  grid  of  infinite  extent  (twofold  mirror 
principle).  Given  the  efforts  and  complexity  of  manu¬ 
facturing  electronically  tunable  grids,  this  concept  is 
considered  to  be  an  efficient  and  cost-effective  solution. 
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Fig.  2.  Calculated  copolar  transmission  coefficient  for  different  capacitively  loads  varying  from  10  fF  to  100  fF 

(L  =  23  mm;  w  -  0.5  mm;  dx  =  4  mm;  dy  =  2  mm) 


Fig.  3.  Waveguide  simulator  with  two  tapered  waveguides  (aperture  size  25x40  mm^).  Frequency  range  from  7  to 
16  GHz  (TEio-mode).  Measurement  of  reflection-  and  transmission  coefficient  (twofold  mirror  principle). 


frequency  ,  GHz  frequency  ,  GHz 


Fig.  4.  Measured  transmission  coefficient  (magnitude  and  phase)  of  an  active  dipole  grid  for  two  different  DC 
voltages  (-^  V  25  fF;  +0.5  V  ->  75  fF).  Grid  size;  L  =  23  mm;  w  =  0.5  mm;  dx  =  4  mm;  dy  =  2  mm 
on  quartz  substrate  (zr  =  3.8;  tan  5  =  10“^;  s  =  0.28  mm) 


Tapering  of  the  waveguide  helps  to  minimize  the 
problem  of  tolerances  in  positioning  the  dipole  grid 
within  tlie  waveguide  aperture.  Fig.  4  shows  the  meas¬ 
ured  transmission  coefificient  response  (magnitude  and 
phase)  of  an  active  dipole  grid  (10  dipoles  in  one  row) 
deposited  on  quartz  substrate  (e^  =  3.8;  tan  8  =  10^;  s  = 
0.28  mm).  Each  dipole  is  center-bonded  with  a  GaAs- 


varactor  diode  in  chip  form  (dice).  By  tuning  the  diodes 
with  a  DC  voltage  from  -4V  to  +0.5V  (over  two  Itighly 
resistive  meander  lines)  the  resonance  frequency  could 
be  continuously  shifted  by  about  7  %  (center  frequency 
9.85  GHz).  In  agreement  with  results  from  computer 
simulations  (Fig.  2)  the  ^.-resonance  is  fixed  near  by 
12.2  GHz.  The  measured  phase  distribution  (Fig.  4, 
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Fig.  5  Fig.  6 

Fig,  5.  Geometry  of  a  YIG-loaded  2  x  4-element  dipole  grid.  Skewed  terminations  are  to  suppress  multiple  reflection 
of  magnetostatic  surface  waves  (MSSW)  [12],  Position  of  the  YIG  film  coincides  with  the  maximum  of  the  dipole 

current  distribution. 

Fig.  6.  Experimental  verification  of  shifting  the  resonance  frequency  of  a  YIG-loaded  2  x  4-element  array  (Fig.  5)  by 
varying  the  steering  current  (0-1  A)  or  transverse  DC  magnetic  field  (0.8A  2200  G;  1 A  ->  2700  G).  Grid  size: 

L-  mm;  w  =  0.5  mm;  dx  =  8  mm;  dy  =  1.5  mm  on  TMM3  substrate  [zr  =  3.27;  tan  5  =  1.6-10~^;  s  =  0.5  mm) 


right)  shows  that  for  a  selected  frequency,  i.e.  10  GHz, 
it  is  possible  to  sliift  the  phase  from  about  -50°  to  70°. 

In  case  of  inductive  tuning  two  YIG  films  of  size  36x5 
mm“  and  thickness  300  pm  were  deposited  across  the 
2x4-element  array  of  dipoles  (Fig.  5).  Fig.  6  shows  the 
sliift  of  resonance  frequency  by  varying  the  external  DC 
magnetic  field  from  0  to  2700  G  (0  to  lA  steering  cur¬ 
rent).  At  center  frequencj'  of  10.1  GHz  a  bandwidth  of 
14  %  can  be  achieved. 
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Abstract:  A  multi-sector  beam  antenna  consisting  of  directional  beam  antennas  and  a  beam  selecting  switch  is  effec¬ 
tive  for  a  terminal  antenna  of  a  broadband  wireless  access  system  and  several  antennas  of  this  type  have  been  used  in 
the  commercial  services.  In  order  to  increase  the  channel  capacity,  liigher  frequencies  such  as  Ku  band,  Ka  band  and 
millimeter  waves  are  used  or  studied  for  the  systems.  In  these  high  frequencies,  the  insertion  loss  of  the  beam  selecting 
switch  becomes  large,  therefore  the  antenna  perfonnances  degrade.  In  tliis  paper,  a  new  type  of  the  multi-sector  an¬ 
tenna  which  has  a  distributed  implicit  RF  switch  is  proposed  for  reducing  insertion  loss  of  the  switch.  The  distributed 
implicit  RF  switch  is  composed  of  a  Yagi-Uda  antenna  and  diode  switches  in  parasitic  elements.  Numerical  calcula¬ 
tions  have  been  carried  out  to  ensure  the  feasibility  of  the  proposed  antenna. 

Keywords:  multi-sector,  RF  switch,  switch  loss,  distributed  implicit  switch,  Yagi-Uda  Antenna 


INTRODUCTION 

In  the  last  decade  of  the  20th  centuiy,  great  changes 
have  occurred  in  the  telecommunication  field.  One  is 
the  change  from  telephone  switching  networks  to  digi¬ 
tal  networks  which  enable  us  to  use  various  digital 
terminals  such  as  personal  computers  (PC's).  In  other 
words,  this  is  the  coming  of  a  multimedia  era  by  the 
private  LAN's  and  the  Internet  [1],  [2].  People  can  send 
and  receive  various  information,  like  data,  images  and 
videos,  through  computer  tenninals  which  ha\e  much 
more  significant  power  than  telephone  terminals.  The 
other  one  is  the  change  from  fixed  communications  to 
mobile  communications.  Especially,  the  advances  in 
handheld  telephone  services  have  been  changing  our 
communication  styles  to  be  free  from  the  restriction  of 
the  location  [3]. 

The  technological  integration  of  computer  terminals, 
digital  networks  and  mobile  communications  have  been 
creating  new  and  enhanced  communication  serv'ices, 
and  the  demands  for  high  speed  systems  in  access  net¬ 
works  are  increasing  to  offer  the  comfortable  multime¬ 
dia  mobile  services.  High  speed  wireless  systems  have 
appeared  in  the  wireless  LAN  systems  [4].  The  Allair 
system  [5]  by  Motorola  and  the  VJ  system  [6]  by  NTT 
are  the  earliest  systems  of  high  speed  wireless  LAN  and 
offer  the  date  transmission  rate  of  more  than  10  Mbit/s, 
which  is  comparable  to  Ethernet.  AWA  [7]  and  wire¬ 
less  ATM  systems  [8]  which  present  more  flexible  and 
wide-area  services  have  been  also  investigating. 

An  anterma  design  for  PC  is  one  of  tlie  key  technolo¬ 
gies  to  realize  the  above  high  speed  wireless  access 
systems.  In  the  Altair  system  and  tlie  VJ  system,  multi¬ 
sector  antennas,  which  arc  consisted  of  several  direc¬ 
tional  antennas  and  a  beam  selecting  switch,  are  devel¬ 
oped.  This  kind  of  antennas  is  effective  to  mitigate 


unwanted  incident  rays  in  the  multipath  environments 
such  as  indoor  offices,  and  to  access  a  basestation  an¬ 
tenna  from  anypoint  in  the  office.  This  is  the  different 
point  from  the  antenna  for  a  handheld  telephone  which 
has  omnidirectional  radiation  pattern  in  the  horizontal 
plane. 


Fig.1.  A  rod-type  6-multisector  Antenna  (11) 


In  the  Altair  system  and  VJ  system,  wireless  terminals 
are  used  to  be  fixed,  although  they  can  be  transportable. 
Therefore,  the  antennas  used  in  those  tenninals  are  not 
small  enough  to  be  installed  at  notebook  PC's.  In  AWA 
systems,  it  is  assumed  that  notebook  PC's  are  used  as 
wireless  terminals  and  various  types  of  antermas  have 
been  proposed  to  be  installed  at  the  handheld  wireless 
terminals  [10].  As  shown  in  Fig.  1,  a  multi-sector  an¬ 
tenna  where  its  radiating  elements  made  of  patch  an¬ 
tennas  are  arrayed  vertically  and  confined  in  a  rod. 
Prototypes  of  the  antennas  were  manufactured  at  20 
GHz  frequency  band  and  measured  data  were  reported 
[il]-[15].  The  diameter  and  the  length  of  the  antenna 
is  about  20  mm  and  50  mm,  respectively  and  it  is  feasi¬ 
ble  to  be  installed  at  the  notebook  PC.  However,  the 
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insertion  loss  of  its  RF  switch  is  relatively  high  and  it 
degrades  the  total  antenna  performance. 


Fig.  2.  Fundamental  structure  of  a  multi-sector  antenna 


In  this  paper,  in  order  to  reduce  the  insertion  loss  of  the 
RF  switch  of  tlie  multi-sector  antenna,  a  new  configu¬ 
ration,  which  has  the  implicit  RF  switch  instead  of  the 
conventional  SPNT  (Single  Pole  N  Throw)  switch,  is 
proposed  and  fundamental  analysis  data  are  presented 
to  ensure  the  validity  of  the  proposed  antenna.  In  sec¬ 
tion  2,  a  conventional  multi-sector  antenna  is  showm 
and  its  problem  is  pointed  out.  In  section  3,  tlie  con¬ 
figuration  of  the  proposed  antenna  ispresented,  and 
numerical  data  of  the  antenna  are  described  in  section 
4.  Finally,  conclude  remarks  are  given  in  section  5. 


3,  insertion  loss  becomes  about  2  to  3  dB  around  the 
frequency  of  20  GHz  and  degrades  communication 
characteristics  considerably. 


Fig.  3.  Insertion  loss  of  beam  selecting  switches 


A  good  solution  to  reduce  the  insertion  loss  of  the 
SOTtch  is  to  use  diode  devices  with  excellent  RF  per¬ 
formances.  However,  it  is  expensive  or  may  be  much 
power  consuming.  Then,  in  the  next  section,  a  new  RF 
switch  configuration  is  proposed  where  the  beam  selec¬ 
tion  is  performed  by  the  distributed  implicit  RF  switch. 


A  MULTI-SECTOR  ANTENNA  AND 
A  BEAM  SELECTING  RF  SWITCH 

A  multi-sector  antenna  is  composed  of  some  directional 
beam  antennas,  a  beam  selecting  RF  switch  and  a 
switch  controller  as  shown  in  Figure  2.  The  SPNT 
switch  is  usually  used  as  the  beam  selecting  switch  and 
one  of  the  paths  in  the  switch  is  active  in  selecting  one 
of  the  beams.  In  transmitting,  RF  power  directly  passes 
tluough  the  active  switch  to  tlie  antenna  element. 
Therefore,  insertion  loss  tends  to  be  large,  especially 
when  operating  frequency  becomes  high.  Figure  3 
summarizes  the  insertion  loss  of  tlie  SPNT  switches 
which  were  developed  for  tlie  beam  selecting  switch  of 
the  multi-sector  antenna  [13]-[15].  As  shown  in  Figure 


A  MULTI-SECTOR  ANTENNA  WITH 
A  DISTRIBUTED  IMPLICIT  RF  SWITCH 

A  distributed  implicit  RF  switch  does  not  directly 
switch  the  RF  power  paths,  but  functionally  creates  a 
beam  by  altering  tlie  ON/OFF  states  of  the  switches 
which  are  positioned  at  the  bottom  of  the  wire  ele¬ 
ments.  An  example  of  the  multi-sector  antenna  with  a 
distributed  implicit  RF  switch  is  shown  in  Figure  4. 
Tliis  is  a  case  of  a  six  sector  beams  antenna.  The  an¬ 
tenna  consists  of  one  center  element  which  is  fed  by  a 
feeding  cable  and  surrounding  parasitic  elements.  They 
are  all  on  a  circular  ground  plane  and  almost  quarter 
wavelengths.  A  RF  circuit  (transmitter  and/orreceiver) 
is  directly  connected  to  the  center  element  of  the  an- 


OFF  OFF 

(b)  Cross-section  of  A-A‘ 

(Equal  to  4  elements  Yagi-Uda) 


[a)  whole  antenna  configuration 


Fig.  4.  A  multi-sector  beam  antenna  using  distributed  implicit  RF  switch 
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tenna  which  works  as  an  exciter  of  a  Yagi-Uda  array. 
The  elements  around  the  center  element  have  diode 
switches  or  other  switching  devices  at  the  bottom  of  the 
elements. 

By  switching  diodes  properly,  a  directional  beam  is 
radiated  to  the  desired  direction.  To  clear  how  to  real¬ 
ize  the  directional  beams  and  to  switch  them,  Figure 
4(b)  shows  the  elements  arraged  in  one  diameter  where 
the  Yagi-Uda  arrays  radiating  directional  beams  to  left- 
hand  side  or  right-hand  side  are  constructed  depending 
on  the  ON/OFF  state  of  the  surrounding  elements.  The 
element,  whose  switch  is  OFF,  is  out  of  resonant  con¬ 
dition.  Therefore,  induced  current  on  it  is  very  small.  If 
the  elements  of  #1,  #2,  and  #3  are  ON  and  the  other 
elements  are  OFF,  the  antenna  radiates  towards  left- 
hand  side.  On  the  contrary,  if  the  elements  of  #1',  #2' 
and  #3’  are  ON  and  the  others  are  OFF,  the  antenna 
radiates  towards  right.  An  antenna  array,  which  radi¬ 
ates  maximum  to  0-dircction  or  (0+18O)-direction,  is 
arranged  in  the  same  diameter  such  as  interleave  man¬ 
ner,  then  the  antenna  can  be  constructed  to  be  compact. 

Beam  direction  control  by  switching  the  elements  in  a 
Yagi-Uda  array  has  been  reported  by  Preston,  Thiel  et 
al  [16],  [17],  However,  in  their  papers,  a  SPNT  RF 
switch  was  also  used  to  switch  beams  as  in  tlie  usual 
multi-sector  antennas  [16].  In  the  antenna  proposed 
here,  switches  are  distributed  and  placed  at  tlie  bottom 
of  tlie  parasitic  elements.  Therefore,  RF  power  does  not 
pass  through  the  diode  switches  directly.  This  is  the 
principle  why  the  insertion  loss  becomes  small  in  tliis 
multi-sector  antenna. 


conrweter 


circular  board  wifri 
parasitic  elements 


element 

guide 


Fig.  6.  A  multi-sector  beam  antenna 
using  mechanical  implicit  RF  switch 


Figure  5  shows  the  mechanical  beam  steering  antenna 
which  is  the  alternative  version  of  a  low  insertion  loss 
multi-sector  antenna.  An  exciter  and  a  feeding  cable 
are  connected  and  fixed.  A  circular  ground  plane  with 
parasitic  elements  rotates  with  an  axis  of  the  exciter.  At 
the  frequency  of  20  GHz,  the  diameter  of  the  ground 
plane  is  about  15  mm  to  20  nun,  therefore  it  is  easy  to 
rotate  the  ground  plane. 


NUMERICAL  RESULTS 

In  order  to  ensure  the  feasibility  of  the  antenna  pro¬ 
posed  in  section  3,  numerical  calculations  were  carried 
out  based  on  the  antenna  configuration  shown  in  Figure 
6.  Although  radiating  elements  with  about  a  quater- 
wavelength  in  Figure  4,  about  half-w'avelengtli  ele¬ 
ments  are  used  in  Figure  5  due  to  the  assumption  that 
the  perfect  image  is  produced  by  the  ground  plane.  In 
this  calculation  model,  a  directive  beam  towards  right- 
hand  side  or  left-hand  side  is  produced  by  a  fixed  ex¬ 
citer,  a  reflecting  element  and  a  directing  element  de¬ 
pending  on  the  ON/OFF  state  of  the  switches,  respec¬ 
tively. 


(a)  tWQ-beam  sector  antenna 

consisting  of  3  olements  Vagi-Uda  amay 


Z 


Fig.  6.  Antenna  analysis  model 


Figure  7(a)  and  (b)  show  the  radiation  patterns  when 
the  maximum  radiation  is  (p  ==  0°when  elements  of  #2 
and  #4  are  ON,  and  #1  and  #3  are  OFF.  It  is  assumed 
that  all  diode  switches  work  idealy,  when  a  diode  is  ON 
or  OFF.  Tliis  means  that  the  impedance  at  the  center  of 
each  element  is  zero  or  infinite,  respectively.  Broken 
lines  in  Figure  7(a)  and  (b)  mean  the  radiation  patterns 
of  a  conventional  three  elements  Yagi-Uda  array.  Ra¬ 
diation  patterns  of  the  proposed  antenna  agree  well  to 
those  of  the  conventional  Ygi-Uda  array.  Therefore,  It 
is  understood  that  the  elements  with  OFF  diodes  do  not 
influence  to  the  total  radiation  pattern.  The  directivity 
of  the  proposed  antenna  is  9.0  dB,  while  the  conven¬ 
tional  Yagi-Uda  array  is  8.8  dB. 
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Fig.  7.  Radiation  pattern 


Fig.  8.  Current  distribution  on  the  elements 


Figure  8  shows  the  current  distribution  on  each  element 
of  the  proposed  multi-sector  antenna.  In  the  figures  of 
the  elements  with  diode  switches  ON,  current  distribu¬ 
tions  of  tlie  conventional  Yagi-Uda  array  with  the  same 
configuration  are  drown  together  with  broken  lines. 
The  magnitude  of  induced  currents  on  tlie  elements 
with  OFF  switches  are  one-tenth  or  less  to  tliose  of  the 
elements  with  ON  switches.  From  these  current  distri¬ 
butions,  it  is  easy  to  understand  that  the  radiation  pat¬ 
terns  of  the  proposed  antenna  are  almost  the  same  as 
those  of  the  conventional  Yagi-Uda  array. 

In  the  above  calculations,  attention  was  not  paied  to  the 
impedance  match,  but  it  is  not  difficult  to  match  tlie 
antenna  impedance  to  the  feeding  circuit  for  all  direc¬ 


tive  beams,  because  this  antenna  is  rotationary  symmet¬ 
ric.  This  is  also  the  advantage  of  the  proposed  antenna. 

CONCLUSION 

A  multi-sector  beam  antenna  is  promising  antenna  in  a 
broadband  wireless  access  system.  However,  when  the 
operating  frequency  becomes  high,  the  insertion  loss  of 
the  sector  switch  increases.  In  this  paper,  in  order  to 
decrease  the  insertion  loss,  a  new  configuration  of  the 
multi-sector  beam  antenna  was  proposed  and  the  feasi¬ 
bility  was  ensured  by  the  numerical  data,  such  as  ra¬ 
diation  patterns  and  current  distributions.  However,  it 
is  assumed  that  diode  switches  are  ideal,  so  the  more 
practical  model  should  be  considered.  It  is  also  neces- 
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saiy  to  evaluated  tlie  total  RF  loss  due  to  switches  and 

compare  quantitatively  to  that  of  the  existing  multi¬ 
sector  antenna  by  experiments. 
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Abstract:  In  this  paper,  a  satellite  communications  system  using  a  Quasi  Geostationary  Satellite  Orbit  (Quasi-GSO)  is 
proposed.  A  24-hour  period  Quasi-GSO  system  could  give  high  quality  conununication  to  high  latitude  regions  with 
its  satellites  observed  from  earth  stations  having  high  elevation  angles.  In  this  paper,  a  system  concept  and  a  deploy¬ 
able  flat  antenna  with  light  weight  antenna  elements  are  described  proposing  it  to  be  a  good  candidate  for  mobile 
conununications  satellite  use. 

Keywords:  Quasi  GSO,  Satellite  Communication,  Deployable  Antenna,  Antenna  Arrays,  Multibeam  Anterma 


INTRODUCTION 

In  recent  years,  mobile  communication  has  developed 
increasingly  and  there  are  more  difficulties  in  coping 
with  the  growing  demand  of  the  users  with  limited 
channels.  The  Quasi-GSO  system  is  fit  for  this  de¬ 
mand  having  the  ability  to  provide  similar  services 
that  are  now  provided  by  GSO  systems  without  caus¬ 
ing  the  problems  of  frequency  sharing  with  the  GSOs. 
It  also  can  provide  high  quality  communication  having 
high  elevation  angle  seen  from  earth  tenninals  in  me¬ 
dium  and  high  latitude  regions.  This  feature  is  impor¬ 
tant  especially  in  large  cities  with  skyscrapers  or  in 
countrj'side  with  high  mountains  where  terrestrial 
waves  would  not  easily  be  reached.  ITie  details  of  the 
Quasi-GSO  and  its  orbital  parameters  are  described  in 
section  2. 

In  section  3,  the  system  concept  is  described  in  detail 
with  tlie  link  budget.  The  proposed  system  is  aimed  for 
mobile  communication  with  small  and  low  powered 
earth  terminals.  In  order  to  make  the  earth  stations 
small  and  low  power,  tlie  satellite  antenna  needs  to  be 
large  and  high  power.  This  requirement  calls  for  a  fair 
amount  of  breakthrough  in  fundamental  technologies 
such  as  element  antennas,  power  feeding  method  and 
antenna  deployment.  Some  of  tliese  teclmologies  have 
been  dealt  with  and  are  described  in  section  4  followed 
by  conclusion. 

QUASI-GSO'^’ 

In  this  section,  the  orbital  parameters  for  the  satellite 
orbit  are  described.  A  Quasi-GSO  with  24-hour  period 
is  chosen  for  this  system.  Satellites  in  this  orbit  stay  in 
a  limited  longitude  position  in  respect  to  the  earth.  By 
using  more  than  three  satellites,  seamless  service  of  24 
hours  a  day  could  be  possible  while  the  operating  satel¬ 
lite  would  be  seen  in  a  high  elevation  angle  staying  in 
an  almost  stationary  position  observed  from  the  earth. 


Hence  tire  earth  station  antennas  do  not  need  any 
tracking  function.  This  is  the  reason  this  orbit  system  is 
called  “Quasi-GSO”. 

Here,  the  orbit  with  the  following  parameters  is  used  in 
tliis  proposed  system. 


Table  1 .  Orbit  parameters 


Mean  longitude 

East  140  deg. 

Orbit  inclination 

45  deg. 

Perigee  height 

30000  km 

Apogee  height 

42000  km 

Period 

24  hours 

Figure  1  shows  the  ground  trace  of  the  satellite  using 
this  orbit  system. 


50  80  no  140  170  200  230 


longitude  [deg.] 

Fig.  1.  Ground  trace  of  Quasi-GSO  satellite 

The  operating  time  of  one  satellite  is  8  hours  and  by 
utilizing  3  satellites,  the  system  can  offer  24  hours  a 
day  service.  This  can  be  imderstood  from  Figure  2  that 
shows  the  elevation  angle  of  the  tluee  satellites  ob- 
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served  from  Tokyo.  One  can  see  at  least  one  of  the 
three  satellites  with  more  than  79  degrees  elevation 
angle.  Figure  3  is  a  skyward  \dew  showing  the  move¬ 
ment  of  one  of  tlie  three  satellites  obser\'ed  from  Tokyo. 
The  operating  satellite  stays  in  a  limited  portion  in  the 
sky  and  this  is  a  characteristics  that  greatly  resemble 
the  GSO  except  that  its  elevation  angle  is  fairly  high. 


Fig.  2.  Time  variation  of  the  elevation  angle  of  the 
satellites  observed  from  Tokyo 


0 

30  North  330 
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number  of  channels  as  follows.  The  number  of  beams 
iB)  is. 


B- 


C 


K, 


/C, 


IV 


where  C  is  the  required  number  of  channels.  Fd  is  tire 
frequency  bandwidth  at  one  of  the  multibeams  and  C 
is  the  carrier  signal  frequency  bandwidth. 

The  beam  width  in  which  the  coverage  area  S  [sr] 
illuminates  is  as  follow’s. 

0  = 

Here,  the  antenna  aperture  D  can  be  expressed  as, 

Z)  =  60.2-- 
0 


V  tiB 


5.6  kbps  digital  voice  service  wiUi  carrier  signal  fre¬ 
quency'  bandwidth  of  12.5  kHz  is  considered.  When  the 
carrier  frequency  is  2.5  GHz  and  the  frequency  band 
width  of  one  of  the  multibeams  is  7.5  MHz,  the  relation 
between  the  required  number  of  cliannels  and  the  an¬ 
tenna  aperture  could  be  calculated  as  shown  in  Fig.  4. 
For  example,  if  an  antenna  of  about  45  m^  aperture  size 
is  used,  100,000  channels  would  be  available. 


Fig.  3.  Movement  of  a  satellite  observed  from  Tokyo 
(solid  line  corresponds  to  the  operating  time) 


Fig.  4.  Relation  between  the  number  of  channels 
and  antenna  aperture 


SYSTEM  CONCEPT 

In  the  proposed  system,  tlie  satellite  illuminates  multi¬ 
ple  beams  to  a  certain  area  from  high  elevation  angle  so 
that  the  degradation  due  to  shadowing  effect  can  be 
reduced.  When  large  aperture  antennas  are  used  for 
satellite  antennas,  high  communication  capacity  can  be 
attained  using  small  size  portable  terminals  as  earth 
stations. 

In  an  SCPC  (Single  Carrier  per  Channel)  system,  the 
antenna  aperture  can  be  detennined  from  the  required 


A  sy’stem  configuration  of  this  system  is  shown  in 
Fig.  5.  To  realize  a  45  m^  size  antenna,  conventional 
aperture  antenna  would  not  be  a  realistic  choice.  A  flat 
panel  antenna  would  be  easier  to  make  its  aperture 
large.  In  this  system,  a  large  aperture  phased  array 
antenna  is  proposed  for  the  satellite  antenna  to  attain 
high  power  that  makes  it  possible  to  achieve  low  power 
portable  terminal. 

In  the  proposed  system,  100,000  digital  voice  channels 
could  be  provided  by  using  45m^  phased  array  antenna. 
Tlu-ee  types  of  communication  method  have  been  taken 
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into  consideration  and  the  examples  of  the  link  budget 
are  shown  in  Tables  2  and  3. 


Fig.  5.  System  configuration 

KEY  TECHNOLOGIES 

There  are  several  technologies  that  need  to  be  consid¬ 
ered  especially  for  space  use.  Some  of  the  most  impor¬ 
tant  ones  are  described  in  tliis  section. 

DEPLOYABLE  PHASED  ARRAY'^"®’ 

Antennas  for  space  use  should  be  small  during 
launching  of  the  satellite  but  need  to  be  large  after  once 
they  are  out  in  space.  A  deployable  antenna  is  a  good 
candidate  for  tins  requirement.  In  order  to  deploy  the 
antenna  panels  into  2-dimensional  continuous  plane, 
their  fundamental  structure  should  be  composed  of 
simple  and  loose  mechanisms.  The  schematic  deploy¬ 
ment  sequence  is  shown  in  Fig.  6.  Since  the  axes  of 
rotation  of  the  panel  joints  are  crossing  normally,  the 
deployment  motion  should  be  composed  of  tnn  inde¬ 
pendent  phases  (The  two  phases  are  (1)  to  (2)  and  (3)  to 
(4)  in  Fig.  6). 


Fig.  6.  Deployment  sequence  of  the  2D-APAA  structure 

This  type  of  structure  often  causes  inaccuracy  in  its 
deployment,  although  the  antenna  is  a  phased  array 
antenna  that  can  control  its  beam  electronically  and 
thus  the  antenna  structure  need  not  be  in  accurate  con¬ 
dition.  This  beam  control  can  be  realized  by  utilizing 


the  digital  beam  forming  technology  and  an  estimation 
method  of  the  antenna  distortion. 

LIGHT  AND  THIN  ANTENNA  PANEL'*' 

To  realize  a  large  size  deployable  phased  array  antenna, 
the  antenna  panel  with  light  weighted  and  thin  struc¬ 
ture  has  to  be  constituted.  The  conventional  honeycomb 
material  is  too  heavy'  for  this  system.  Here,  we  propose 
an  antenna  with  new  material.  The  antenna  configura¬ 
tion  is  shown  in  Fig.  7.  The  frame  is  made  from  CFRP. 
The  dielectric  plane  on  v/hich  antenna  radiators  are 
mounted  is  made  with  Kevlar  fiber.  In  the  first  stage  of 
its  fabrication,  the  antenna  is  constructed  at  a  tem¬ 
perature  of  170  thermal  degrees.  The  thermal  expan¬ 
sion  rate  of  these  two  materials  is  different  and  as  the 
antenna  is  cooled  to  the  steady  thermal  state,  the  frame 
made  with  CFRP  expands  and  the  antenna  panel  made 
with  Kevlar  fiber  shrinks  and  consequently  tlie  desired 
plane  configuration  can  be  attained.  A  picture  of  the  4 
by  4  sub-array  panel  is  shown  in  Fig.  8. 


Parasitic  eleiient 
(degenerated  circular 
patch  antenna) 


Fig.  7.  Antenna  configuration 


The  weight  of  this  antenna  panel  becomes  lighter  than 
that  of  the  conventional  type,  because  there  is  no  mate¬ 
rial  besides  the  frame  that  is  supporting  the  patch  an¬ 
tennas  over  the  earth  conductor.  At  the  present  stage, 
the  antenna  panel  has  a  weight  of  300  g/m^. 

SMALL-SIZED  HIGH  EFFICIENCY  LASER 
DIODE  SUB-MODULE'^' 

The  proposed  system  requires  flexible,  lightweight,  and 
low  loss  feeders  to  activate  the  deployable  phased  array 
antennas.  A  feasibility  study  on  the  application  of  fiber¬ 
optic  links  to  microwave  signal  transmission  has  been 
done  and  we  have  developed  a  small-sized  highly  effi- 
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Table  2,  Up  link  budget  (frequency  2,5  GHz). 


Power  of  earth 
terminal  I  Maximum 


Gain  of  earth  letminal 


Free  space  loss 


Fading  and  rain  scatter  loss 


Feeding  loss 


Power  of  arriving  signal  (C) 
Noise  power 


CDMA  gain 


Noise  and  interference  (N+I) 


Total  C  /  (N  + 1)  _ 


Total  Eb/ (NO +10) 


Desired  Eb  /  (NO  +  10) 


System  Margin 


SCPC/FDMA 


TDMA 


16.2dBm  (41.7mW)  l6.8dBm  (47.9mW) 


CDMA 


)3.5dBm  (22.4m  W) 


-2,2dBi 


-]92.0dB 


422.7dBm 


37.8dBm  (6.0W) 


■l92.0dB 


-lOi.ldBm 


-l33.0dBm  (B=7kH7,)  -1  ll.ddBm  (B=rMH7.) 


-.131.7dBm 


TlO.ldBm 


2.0dB 


2.0dB 


Tabic  3.  Down  link  budget  (frequency  2.6GHz). 


Transmitting 
power  at  Ich 


Feeding  loss 


Maximum 


Gain  of  satellite  antenna 


Fading  and  rain  scatter  loss 


Free  space  loss 


Gain  of  earth  terminal 


Power  of  arriving  signal  (C) 


Noise  power 


CDMA  gain 


Noise  and  interference  (f 


Total  C/(N  +  J) 


Desired  Eb  /  (NO  +  10) 


System  Margin 


SCPC/FDMA 


63.7dBm  (2.34kW) 


]3.7dBm  (23.4mW) 


TDMA 


64.3dBm  (2.69kW) 


14.3dBm  (26.9mW) 


CDMA 


61.0dBm{1.26kW) 


ll.OdBm  (]2.6mW) 


Ot.OdBi 


-191..5dB 


-2.2dBi 


-123.7dBm 


-134.0dBm 

(B=7kHz) 


-132.7dBm 


9.0dB 


2.0dB 


35.3dBm  (3..39W)  26.9dBm  (490mW) 


4.5dB 


Ol.OdBi 


-l9L.‘5dB 


-2.2dBi 


- 102. 1  dBm 


OJ.OdBi 


-I9i..5dB 


-2.2dBi 


-124.4dBm 


-1  l2.4dBm  (B=lMHz)  -98.4dB  (B=25MHz) 


-lll.ldBm 

9.0dB 


37.9dBm 


-95.5dBm 


2.0dB 
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cient  laser  diode  sub-module.  Fig.  9  shows  the  picture 
configuration  of  this  module. 


Fig.  8.  4x4  sub-array  antenna  panel 


15th.  Int.  Communications  Satellite  Systems  Con¬ 
ference,  pp.1075-1084,  Feb.  1994. 

5.  M.  Tabata,  et.  al.,  “Conceptual  study  of  a  2-D 
deployable  active  phased  array  antenna,”  8  th. 
ICAST,  Oct.  1997. 

6.  T.  Takahashi,  et.  al.,  “Super  lightweight  planar 
array  antenna  with  stretched  structure  for  satellite 
communication  systems,”  Proc.  AP-S  (to  be  pre¬ 
sented  in  July  1999). 

7.  S.  Kaneko,  et.  al.,  ’’Small-sized  and  highly  effi¬ 
cient  laser  diode  sub-modules  for  fiber-fed  phased 
array  antennas,”  Proc.  CPT’99,  pp.  59-60,  Jan. 
1999. 


Aluminum  ceramics  sidwlrale  |Uase  mdai  {CuW> 


Fig.  9.  Configuration  of  the  module 


CONCLUSION 

We  have  proposed  a  new  satellite  communications 
system  using  Quasi-GSO  satellites  that  mount  deploy¬ 
able  phased  array  antennas.  In  this  system,  tlie  satellite 
illuminates  multiple  beams  to  a  certain  area  from  high 
elevation  angle,  so  that  the  degradation  due  to  shad¬ 
owing  effect  can  be  reduced.  When  large  aperture 
phased  array  antennas  are  used  for  satellite  antennas, 
high  communication  capacity  can  be  attained  using 
small  size  portable  terminals  as  earth  stations. 
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Abstract.  The  Meteosat  Second  Generation  project  (MSG)  concerns  a  launch  and  operation  of  tlu-ee  new  satellites  in 
tlie  coming  years.  MSG  continues  meteorological  sendees,  which  are  currently  provided  by  the  very  successful  first 
generation  of  satellites  in  the  Meteosat  Operational  Program  (MOP),  operated  by  Eumetsat.  MSG  expands  on  the 
services  offered  by  MOP  by  providing  more  frequently  data  in  more  observation  bands,  with  higher  resolution.  The 
telecommunication  system  for  the  MSG  satellite  transmits  the  measured  data  to  the  primary  ground  station  and  re¬ 
ceives  and  re-transmits  pre-processed  images  and  meteorological  data  from  the  latter  station.  It  collects  meteorological 
data  from  data  collection  platforms.  The  MSG  satellite  carries  also  a  Search  and  Rescue  transponder.  The  antemia 
sub-system  has  been  specifically  designed  for  the  necessary  functions  and  permits  appropriate  data  throughput  with  the 
satellite  spinning  at  a  rate  of  100  revolutions  per  minute.  The  antenna  sub-system  for  MSG  is  explained,  after  a  short 
general  description 


BACKGROUND 

The  first  of  two  pre-operational  Meteosat  satellites  was 
launched  in  1977.  Meteosat  Operational  Program  was 
started  in  1983  after  this  ‘prc-opcrational'  period  with 
an  agreement  to  launch  three  operational  satellites.  A 
prototype  of  a  pre-operational  sat(?llite  called  P2,  was 
also  prepared  and  launched  with  the  first  ARIANE  4 
launcher  in  1988.  One  more  satellite  of  the  MOP  type 
was  launched  in  1997  and  continues  seixdce  today  in 
tlie  so-called  Meteosat  Transitional  Program  (MTP). 
ESA  [1]  carried  out  the  operations  of  Meteosat  satel¬ 
lites  (data  collection,  pre-processing  and  redistribution 
of  meteorological  information),  until  a  new  European 
organisation  Eumetsat  [2]  took  over  tlie  responsibility 
of  these  tasks  in  1995.  Eumetsat  operates  the  MOP 
satellites  and  MTP,  which  continue  services  for  another 
one  and  half  year  more,  after  which  new  MSG  satel¬ 
lites  shall  take  over  with  much  more  enhanced  capa¬ 
bilities.  ESA  and  Eumetsat  are  preparing  this  MSG 
program,  with  ESA  responsible  for  procurement  of  the 
satellites.  The  first  of  the  three  MSG  satellites  is 
planned  to  enter  services  after  commissioning  in  the 
year  2001  (launch  the  second  half  of  2000).  MSG  will 
have  much  more  capabilities  than  MOP,  as  will  be 
outlined  below. 

The  antenna  subsystem  for  MSG  is  tlie  main  subject, 
but  first  some  more  descriptive  information  is  given  for 
both  MOP  and  MSG  satellites.  It  assists  to  understand 
MSG  antenna  optimisations,  decisions,  implementation 
and  functionality  under  specific  constraints.  Alenia 
Spazio  in  Roma  is  fully  responsible  for  the  MSG  tele¬ 
communication  payload,  of  which  the  antenna  sub¬ 


system  is  a  major  part.  Aerospatiale  is  the  prime  con¬ 
tractor  for  the  satellite. 

MO?  AND  MSG  SATELLITES 

A  MOP-l3q)e  satellite  orbits  the  Earth  at  an  altitude  of 
35.800  km,  in  geostationary  orbit,  thus  leading  to  a 
satellite  position  above  the  equator  on  a  fixed  meridian. 
MOP  is  positioned  on  the  Greenwich  meridian.  It  is  a 
spin  stabiiised  spacecraft,  rotating  at  a  speed  of  100 
revolutions  per  minute  (100  RPM)  and  has  its  spin-axis 
perpendicular  to  the  orbital  plane.  The  primary  payload 
for  MOP  is  a  high  resolution  tliree  channel  radiometer 
instrument,  wliich  images  the  Earth  in  less  than  half  an 
hour  in  tlie  tliree  spectral  bands  (wavelength:  0.5- 
0.9  pm,  10.5-12.5  pm  and  5. 7-7.1  pm).  One  image 
line  is  taken  over  tlie  Earth  disc  over  a  part  of  the 
revolution  from  -4-10°  to  -10°  (as  seen  from  the 
geostationary  orbit).  An  image  composed  out  of  2500 
scan-lines  results  after  2500  revolutions,  so  25  minutes. 

The  stored  image  line  data  are  re-sampled  and  trans¬ 
mitted  dow  n  to  the  Earth  during  remainder  part  of  the 
360°  arc  outside  this  ±10°  interval. 

The  data  are  processed  on  the  ground  at  a  dedicated 
location  (at  Eumetsat  in  Darmstadt),  where  also  other 
meteorological  products  are  derived.  Processed  images 
with  additional  data  are  sent  up  again  towards  the  sat¬ 
ellite,  which  in  turn  redistributes  data  to  users  within 
tlie  coverage  zone.  Much  more  info  is  found  in  [1]  and 
[2].  Some  data  products  are  received  in  the  Ukraine  [3]. 

The  satellite  collects  also  meteorological  data  from 
remote  (automatic)  platforms  within  its  coverage  zone 
and  relays  this  information  to  the  central  ground  station 
(tliis  is  the  so-called  DCP  mission). 
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Fig.  1.  MSG  Mission  Scenario  with  RF  links  for  the  raw 
radiometer  data  to  the  primary  ground  station  (with 
back-up)  and  the  up-  and  downlinks  for  the  processed 
data  to  primary  and  secondary  users  (courtesy  ESA) 

A  very  broad  basis  has  been  created  of  experiences  with 
the  satellite,  with  its  operations,  with  data  processing 
and  data  utilisation,  after  more  than  25  year.  It  pro¬ 
vided  a  very  good  starting  point  for  a  configuration  of  a 
new  satellite,  the  Meteosat  Second  Generation  satellite. 

MSG  satellite  will  also  be  a  spin-stabilised  spacecraft, 
operating  from  a  geo-stationary  location.  A  number  of 
enhanced  capabilities  are  foreseen.  The  radiometer  will 
generate  images  at  double  tlie  speed,  even'  15  minutes, 
and  will  do  this  in  12  spectral  hands,  with  a  much  bet¬ 
ter  resolution  (1  km  for  the  visible  charmel,  3  km  for 
other  spectral  channels).  Tliis  permits  to  extract  three- 
dimensional  data  about  the  atmospheric  composition. 

The  reader  is  invited  to  estimate  the  pointing  and  lo¬ 
calisation  accuracy  (1  km  from  35800  km).  The  larger 
amount  of  data  is  also  transmitted  to  the  primary' 
ground  station  of  Eumetsat  (in  Usingen  in  Germany), 
from  where  processed  data  are  transmitted  up  to  the 
satellite  again  for  re-distribution  to  primary  and  secon¬ 
dary  users  within  the  coverage  [2].  Fig.  1  shows  the 
link  schema.  MSG  provides  the  data  collection  mission 
(DCP)  with  a  larger  number  of  charmels  than  available 
on  the  MOP  satellite.  A  Search  and  Rescue  transponder 
is  carried.  It  makes  use  of  the  UHF  and  L-band  antenna 
for  respectively  reception  (up)  and  transmission 
(down). 

MSG  is  a  much  larger  spacecraft  than  MOP,  due  to  the 
enhanced  capabilities  with  the  much  larger  radiometer, 
the  need  for  a  longer  lifetime  and  tlie  associated  sup¬ 
porting  equipment.  Fig.  2  shows  the  MOP  spacecraft 
and  the  MSG  spacecraft  (left)  with  relative  dimensions. 


Fig.  2.  MSG  satellite  (left)  and  MOP  satellite 
at  a  similar  scale  (courtesy  ESA) 

Fig.  2  indicates  also  already  a  very  important  constraint 
for  the  antenna  farm,  located  on  top  of  the  spacecraft. 
The  height  pennitted  for  the  antenna  farm  of  MSG  is 
relatively  small,  much  less  than  the  height  available  on 
top  of  the  MOP  satellite  body.  This  is  very  important;  it 
has  led  to  many  calculations  to  optimise  the  antennas 
for  MSG  in  the  presence  of  the  satellite  structure,  as 
indicated  below. 

Conversion  of  tlie  transfer  orbit  to  the  geostationary 
orbit  is  also  different:  MOP  uses  a  solid  fuel  apogee 
boost  motor  to  change  from  the  transfer  orbit  to  the 
geostationary  orbit  with  one  motor  firing.  MSG  will  use 
a  set  of  two  apogee  boost  motors,  which  use  bi- 
propellant  fuel.  Three  motor  firings  are  planned  to 
convert  the  transfer  orbit  to  geostationary  orbit  (Fig.  3). 


Fig.  3.  From  a  high  elliptic  trasnfer  orbit  to  a 
geostationary  orbit.  MSG  will  use  three  motor  firings 
(courtesy  ESA) 


ANTENNAS  USED  FOR  THE 
TELECOMMUNICATION  SYSTEM 

The  telecommunication  system  of  MSG  has  a  number 
of  tasks,  each  of  which  requires  a  particular  anteima; 

•  Reception  of  telecommands  and  transmission  of 
house  keeping  data.  A  dedicated  (redundant)  S- 
band  transponder  is  used  for  this  task,  connected  to 
a  dedicated  telemetry  and  telecommand  antenna, 
(TT&C  antenna),  the  antenna  is  not  redundant 
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•  Transmission  of  the  measured  radiometry  data, 
coming  from  tlie  data  handling  subsystem  to  the 
primary  groundstation.  The  electronically  despun 
antenna  (EDA)  is  used  for  this  task  in  L-band. 

•  Reception  of  pre-processed  images  with  associated 
data.  A  toroidal  pattern  antenna  is  used,  operating 
in  S-band. 

•  Transmission  to  users,  using  tlie  L-band  EDA 
antenna  for  low  resolution  and  high-resolution 
data. 

•  Receiving  data  from  Data  Collection  Platforms 
(DCP).  The  Electronically  Switched  Circular  array 
antenna  is  used  (UHF-EDA  at  402  MHz). 

•  Transmission  of  the  DCP  data,  using  the  L-band 
EDA  antenna. 

•  Receiving  emergency  messages  (S&R  or  Search 
and  Rescue).  The  UHF  -  EDA  is  used  at  406  MHz. 

•  Transmission  of  S&R  messages,  using  the  L-band 
EDA  antenna. 

The  antenna  subsystem  will  be  discussed  in  more  detail 
and  tire  first  results  will  be  presented,  together  with 
considerations  related  to  decisions  for  solutions. 

THE  ANTENNA  FARM  FOR  MSG 

Alenia  Spazio  is  responsible  for  design,  manufacture 
and  test  of  MSG-'s  antenna  sub.system  (Fig  4).  The 
Engineering  Model  (Fig.  4)  antennas  permitted  after 
detailed  measurements  to  tune  the  parameters  to  an 
optimum  for  the  Flight  Model  antennas,  which  is  dur¬ 
ing  July  99  right  at  the  moment  of  writing  this  abstract 
under  test  at  Alenia  Spazio  (It). 


Fig.  4.  MSG  Antenna  Farm,  Engineering  Model 
(courtesy  Alenia  Spazio  /  ESA) 


The  respective  antennas  are,  going  from  top  to  bottom; 
-1-  TT&C  antenna  on  top, 

-2-  S  and  L-band  toroidal  pattern  antennas  inside  the 
black  cylindrical  radome, 

-3-  L-band  Electronically  Despun  Antenna,  using  32 
columns,  4  dipole  radiators  in  each  column. 


-4-  UHF  Electronically  Despun  Array,  using  16  crossed 
dipole  radiators,  positioned  in  front  of  the  L-Band 
EDA. 

(The  white  vertical  bars  at  90  degree  interval  on  the 
outer  edge  belong  to  ground  support  test  equipment). 

Very  detailed  analysis  support  has  been  provided  by 
Space  Engineering  for  ail  antennas  and  scattering 
analyses.  The  full  paper  will  describe  a  number  of  the 
activities  in  detail.  Also  test  results  will  be  discussed. 
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ABSTRACT 

A  radome,  an  acronym  coined  from  radar  dome,  is  a 
structure  placed  over  an  antenna  that  protects  the  an¬ 
tenna  from  its  physical  environment.  Ideally,  the  ra¬ 
dome  is  radio-frequency  (RF)  transparent  and  does  not 
degrade  the  electrical  performance  of  tlie  enclosed 
anterma.  Today,  radomes  find  wide  applications  in 
ground,  maritime,  aircraft,  and  missile  electronic  sys¬ 
tems  (Fig.  1.) 


Fig.  1.  Hercules  Aircraft  with  Radome 
Enclosed  Radar  Antenna 


Very  early  methods  of  radome  evaluation  were  cumber¬ 
some,  relying  on  the  use  of  a  nomograph  (1,  2).  With 
the  advent  of  the  personal  computer  (PC),  geometric 
optics  approaches  based  on  PC  computers  were  devel¬ 
oped  (3,  4).  But  vdth  recent  advances  in  the  PC  speed 
and  capabilities,  physical  optics  based  surface  integra¬ 
tion  approaches  that  previously  required  a  mainframe 
computer  can  now  be  accomplished  on  a  PC  (5). 

INTRODUCTION 

During  recent  decades,  rapid  growth  in  tlie  use  of  tlie 
electromagnetic  spectrum  has  led  to  many  improve¬ 
ments  in  the  performance  of  electromagnetic  sensors. 
Two  examples  of  these  improvements  are  (a)  dual- 
polarized,  wide  band  antenna  systems  for  improved 
tracking  and  radar  performance,  and  (b)  very  low  side 
lobe  antennas  that  provide  ground  clutter  rejection  for 
airborne  radars  that  use  pulse-Doppler  modes,  (c) 


SATCOM  and  other  telecommunications  antennas 
using  frequency  reuse  (dual  polarization.) 

These  sensors  require  more  stringent  radome  perform¬ 
ance  than  their  predecessors  because  the  antenna  per¬ 
formance  can  be  altered  by  radome  effects  on  its  radia¬ 
tion  patterns.  These  efforts  include,  but  are  not  limited 
to  the  following: 

(1)  Boresight  error  (BSE)  and  boresight  error  slopes 
(BSES) 

(2)  Increased  antenna  sidelobe  levels 
Depolarization  (folding  of  energy  from  one  polari¬ 
zation  sense  to  the  other) 

(3)  Introduction  of  an  insertion  loss 

(4)  Flash  lobe  effects 

Most  modem  approaches  of  radome  analysis  use  ray 
tracing  to  describe  propagation  tlirough  the  radome 
wall  onto  the  receiving  antenna  aperture  where  inte¬ 
gration  produces  tlie  antenna  port  voltage.  These  meth¬ 
ods  use  many  approximations  such  as  treating  tlie  ra¬ 
dome  wall  at  each  ray  intercept  point  as  locally  plane 
and  also  assuming  parallelism  between  the  inner  and 
outer  radome  walls  at  each  intercept  point.  These  ap¬ 
proximations  introduce  some  error  between  the  pre¬ 
dicted  and  measured  results. 

Although  a  number  of  different  radome  electromagnetic 
analysis  techniques  are  feasible,  primarily  the  geomet¬ 
ric  optics  (GO)  and  the  physical  optics  (PO)  approaches 
can  ^  most  easily  implemented  on  a  PC.  Both  transmit 
and  receive  formulations  are  possible. 

GO  treats  the  electromagnetic  propagation  as  “light 
like”  in  behavior  and,  although  approximate,  is  exact 
only  in  the  limit  of  zero  wavelength  (infinite  fre¬ 
quency.)  However,  it  produces  reasonably  good  results 
for  radome  enclosed  antennas  as  small  as  five  wave¬ 
lengths  in  diameter.  GO  will  not  give  good  results  near 
physical  boundaries,  but  provides  useful  insights  in 
those  cases.  We  must  consider  three  aspects  to  fully  use 
GO;  (a)  ray  reflections  within  the  dome,  (b)  wave  po¬ 
larization,  and  (c)  amplitude  variations  both  along  the 
ray  path  and  through  the  reflections  (6). 

PO  is  based  on  Huygen's  principle,  which  has  been  of 
fundamental  importance  to  the  development  of  elec¬ 
tromagnetic  wave  theory.  Huygen's  principle  states  that 
each  point  on  a  primary  wavefront  can  be  considered  as 
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a  new  source  of  secondary  spherical  waves,  and  that  a 
secondary  wavefront  can  be  constructed  as  the  envelope 
of  these  spherical  waves.  Thus,  a  spherical  wave  from  a 
point  source  propagates  as  a  spherical  wave,  whereas 
an  infinite  plane  wave  continues  as  a  plan  wave.  The 
PO  method  is  employed  in  surface  integration  fonnula- 
tions  that  produce  reasonably  good  results  for  a  ra- 
dome-enclosed  antenna  less  than  a  wavelength  in  di¬ 
ameter,  and  is  generally  a  more  robust  modeling 
approach  than  GO. 

Other  radome  approaches  that  are  worthy  of  mention, 
but  more  difficult  to  model  on  a  PC  computer  include 
the  method  of  moments  (MOM)  approach  (7)  and  the 
plane  wave  spectra  (PWS)  method  (8,  9). 

GEOMETRIC  OPTICS  (GO) 

GO  analysis  approaches  have  conceptual  simplicity 
combined  with  reasonable  accuracy.  The  concept  for 
receiving  and  transmitting  formulations  are  illustrated 
in  Fig.  2.  Both  receive  and  transmit  formulations  were 
researched  (10)  and  were  found  to  produce  identical 
BSE  prediction.  However,  the  receiving  application 
required  greater  computer  run  time. 


i'\ 


Fig.  2.  GO  Raytracing:  Receiving  Formulation  (Top) 
Transmitting  Formulation  (Bottom) 


GO  Receiving  Formulation 

The  GO  receiving  mode  ray  trace  (Fig.  2  (a))  uses  tlie 
direct  rays  incident  on  the  aperture  from  a  specified 


direction.  The  insertion  voltage  transmission  coeffi¬ 
cients  based  on  flat-panel  theory  for  both  the  parallel 
and  perpendicular  polarization  are  used  to  transform 
the  plane  wave  fields  associated  with  each  ray  from 
their  values  outside  the  radome  to  their  values  on  the 
antenna  aperture. 

The  receiving  fonnulation  finds  the  voltage  at  the  an¬ 
tenna  port  when  a  plane  wave  is  incident  on  a  radome- 
enclosed  antenna;  this  is  sometimes  referred  to  as  a 
“backward  ray  trace.”  The  complex  antenna  port  volt¬ 
age  is  obtained  from  the  incident  fields  and  the  known 
characteristics  of  the  antenna  from  the  foimula  (1 1): 

V„^ljF^E‘Tivda 

where  E’  is  the  incident  plane  wave  function;  E°  is  the 
complex  valued  receiving  aperture  distribution  at  point 
on  the  antenna  surface;  and  TV  is  the  complex  valued 
radome  transmission  coefficient  at  the  /th  ray  intercept 
point.  The  integration  over  the  differential  antenna 
aperture  “da”extends  over  the  physical  antenna  surface 
area  for  which  F’  has  a  significant  contribution. 

Usually,  the  radome  is  considered  locally  plane  at  each 
ray  intercept  point,  which  leads  to  small  errors  in  the 
calculation  of  the  transmission  coefficient,  TV.  The 
transmission  characteristics  of  the  radome  wall  for  any 
given  frequency,  material  type,  number  of  layers,  and 
layer  thicknesses  also  depend  on  the  angle-of-incidence 
0  (the  angle  between  the  propagation  vector  and  the 
radome  surface  normal  vector  at  the  ray  intercept  point) 
and  the  apparent  polarization  of  the  incident  wave  with 
respect  to  the  plane  of  incidence. 

At  each  ray  intercept  point,  it  is  customary  to  normally 
decomposed  into  components  parallel  and  perpendicu¬ 
lar  to  the  plane-of-incidence  prior  to  applying  the  re¬ 
spective  transmission  coefficients.  Subsequently,  the 
wave  is  reconstructed  on  the  other  side  of  the  wall.  For 
all  cases,  an  equivalent  transmission  coefficient  Tjy  can 
be  defined.  The  calculation  of  usually  ignores  multi¬ 
ple  reflections  witliin  the  radome  wall  and  trapped 
waves.  Some  researchers  (12)  have  observed  that  sig¬ 
nificant  errors  sometime  occur  by  tliis  omission. 

The  antenna  aperture  distribution  can  be  found  from 
probing  the  near  field  at  several  wavelengths  from  an 
actual  antenna  surface,  and  applying  a  backward 
propagation  (Fourier  transform)  technique.  Alterna¬ 
tively,  it  can  be  probed  very  close  to  the  antenna  aper¬ 
ture  with  a  suitable  probe. 

GO  Transmit  Fonnulation 

Early  GO  transmitting  fonnulations  modeled  the  an¬ 
tenna  aperture  as  a  collection  of  sources  with  arbitrary 
amplitude  and  phase.  The  collection  of  rays  define  an 
equivalent  aperture  outside  of  the  radome  whose  am¬ 
plitude  and  phase  distribution  incorporats  the  effect  of 
the  radome  (Fig.  2  (b).)  The  fast  Fourier  transform 
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(FFT)  of  this  distribution  yielded  the  far-field  radiation 
pattern  of  the  radome-enclosed  antenna. 

In  the  transmitting  mode,  the  antenna  aperture  distri¬ 
bution  is  projected  through  the  radome  wail  to  form  an 
equivalent  aperture  outside  of  the  radome.  Each  ray  is 
modified  by  the  amplitude  and  phase  of  its  associated 
radome  transmission  coefficients,  and  the  modified 
effective  aperture  distribution  therefore  includes  the 
effect  of  the  radome  walls.  Points  forming  the  modified 
aperture  distribution  are  related  to  the  actual  aperture 
distribution  via: 


where,  F  is  the  complex  valued  transmit  aperture  dis¬ 
tribution  at  a  point  on  tlie  equivalent  aperture  outside 
the  radome.  In  this  case,  the  equivalent  aperture  size  is 
identical  in  size  to  the  actual  antenna  aperture. 

Assume  that  the  antenna  is  in  the  x-y  plane  with  tlie  z- 
coordinate  corresponding  to  the  radome  axis.  We  can 
obtain  the  normalized  far-field  antenna  array  pattern 
from  the  equivalent  aperture  on  a  PC  via: 

,  M  N 

E  g-A'(x„sin0cosi|)+>>„smesini|)) 

'  A/W  ^ 

m=\ w=l 

here  we  assume  that  tlie  external  aperture  is  modeled 
with  MN  sample  points  so  that  x„,  =  mdy,  y„  =  nd/, 
where  dy  are  the  sample  spacings  in  the  x  and  y 
coordinate  directions,  respectively. 

PHYSICAL  OPTICS  (PO) 

In  analyzing  the  performance  of  a  radome-enclosed 
antenna  system,  the  PO  techniques  generally  offer 
higher  computational  accuracy  than  GO  because  of  the 
necessary  assumptions  used  with  GO.  For  instance,  GO 
makes  the  assumption  that  the  EM  wave  propagates  as 
a  plane  wave  confined  to  a  cylinder  whose  cross  section 
the  antenna  aperture  defines.  However,  in  reality  tlie 
field  diverges. 

For  radomes  smaller  than  about  five  wavelengths  in 
diameter,  the  GO  approach  is  too  approximate  and  we 
must  go  to  PO  techniques.  Integration  over  tlie  radome 
surface  with  the  Kirchoff-Fresnel  integral  yields  better 
results  to  obtain  the  field  at  each  pioint  on  the  antenna 
aperture  (Fig.  (3).) 


jkv 
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where  k  is  the  wavenumber,  r  is  the  distance  from  any 
point  on  the  external  reference  plane  to  a  point  on  the 
antenna  surface,  and  the  integration  over  ds  is  over  the 
exlemal  reference  plane.  The  integration  over  the  dif¬ 
ferential  antenna  aperture  da  extends  over  the  antenna 
surface  area  for  which  F  has  significant  contribution. 
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Fig.  3.  PO  Raytracing:  Receiving  Formulation  (Top), 
Transmitting  Formulation  (Bottom) 


PO  Transmitting  Formulation 

In  a  PO  transmitting  formulation  (Fig.  3  (b),)  the  fol¬ 
lowing  steps  occur: 

(1)  We  obtain  the  antenna  near-field  distribution  on 
the  inner  radome  surface. 


PO  Receiving  Formulation 

To  accomplish  this  integration,  we  use  an  exTemal 
reference  plane  to  reformulate  an  incident  plane  wave 
as  a  grid  of  Huygens's  sources,  and  we  then  trace  rays 
between  that  grid  and  each  point  on  the  antenna  aper¬ 
ture  (Fig.  3  (a).)  Hence,  the  complex  antenna  antenna 
voltage  is  (12): 


(2)  The  transmission  coefficients  of  the  radome  wall 
are  applied  to  give  the  field  on  the  exterior  of  the 
radome. 

(3)  We  make  a  final  transformation  to  the  far  field 
using  a  Fast  Fourier  Transform  (FFT)  technique. 

A  PC  computer  implementation  of  this  transmit  radome 
analysis  technique  uses  PO  for  tracing  the  field  from  an 
antenna  aperture  through  tlie  radome  wall  to  an  exter¬ 
nal  reference  plane,  where  tlie  contributions  are  col- 
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lected  (13).  Assuming  tliat  each  point  on  the  antenna 
aperture  radiates  as  a  Huygens's  source,  the  complex 
distribution  for  each  point  on  an  external  reference 
plane  is: 

here,  tlie  integration  extends  over  the  physical  antenna 
surface  area  for  which  F  a  provides  a  significant  contri¬ 
bution,  and  where  the  physical  area  forming  the  exter¬ 
nal  reference  plane  is  generally  significantly  larger 
than  the  physical  area  of  the  antenna.  An  exact  solution 
corresponds  to  an  infinite  external  plane,  but  this  is  not 
possible.  Often,  it  is  in  tlie  order  of  two  to  four  times 
the  physical  area  of  the  antenna.  With  a  PC  computer, 
the  far  field  radiation  pattern  can  be  computed  from  the 
reference  plane  dislribiition  in  the  identical  manner  it 
was  for  tlic  GO  transmitting  case,  previously. 

Comparison  of  GO  and  PO  Methods 

The  direct  ray  (GO)  and  surface  integration  (PO)  meth¬ 
ods  differ  primarily  in  the  computation  of  the  total 
transmission  coefficient.  With  the  PO  method,  the  fact 
that  the  integration  of  a  bundle  of  rays  through  tlie 
radomc  wall,  as  opposed  to  a  single  ray,  more  densely 
samples  the  curvature  variation  results  in  a  more  robust 
wall  transmission  model.  Both  the  GO  and  PO  methods 
use  the  flat-panel  approximation  to  compute  wall 
transmission  coefficients  at  the  ray  intercept  points  and 
ignore  both  multiple  internal  reflections  and  trapped 
waves.  Several  researchers  compared  predicted  with 
measured  data  for  these  two  ray-trace  methods.  0%'erall, 
the  researchers  found  that  the  surface  integration  was 
more  accurate,  especially  for  radomes  that  were  small 
in  wavelengths. 

OTHER  TECHNIQUES 

Method  of  Moments  (MOM) 

Joy  et  al.  (14)  applied  a  two-dimensional  method  of 
moments  (MOM)  technique  to  a  tangent  ogive  radome, 
based  on  the  approach  developed  by  Richmond  (15- 
17).  An  integral  equation  for  the  electric  field  was 
solved  by  dividing  the  dielectric  into  cells  that  were 
smalt  enough  so  that  the  electric  field  intensity  was 
approximately  uniform  in  each  cell. 

Also  applying  a  MOM  approach.  Tricoles  et  al.  (18) 
analy/xd  the  EM  fields  scattered  by  a  hollow  cone, 
using  two  formulations.  One  was  based  on  a  scalar 
Green’s  function  and  the  other  on  a  tensor  Green's 
function.  The  two  are  equivalent,  but  the  procedures 
differ  in  the  following  ways: 

(1)  The  scalar  Green's  funetion  method  decomposes 
the  cone  into  circular  cylinders,  and  subsequently 
decomposes  the  cylinders  into  angular  sectors.  The 


tensor  Green's  function  method  decomposes  the 
cone  into  spheres. 

(2)  The  number  of  cells  differs  because  the  cell  sizes 
differ. 

(3)  Polarization  dependance  differs. 

Tricoles  et  al.  (19)  applied  the  MOM  technique  to  di¬ 
electric  cylinders  of  arbitrary  shape.  Although  sophisti¬ 
cated,  the  MOM  is  seems  more  difficult  to  apply  to 
radome  modeling  than  the  other  methods  previously 
discussed.  Very  limited  validation  data  appear  in  the 
technical  literature  at  this  time  to  compare  its  accuracy 
with  the  GO  and  PO  methods.  However,  MOM  may 
give  a  more  robust  solution  to  the  effects  of  guided 
waves  or  scattering  by  a  radome  rain  erosion  tip. 

Plane  Wave  Spectra 

Paris  developed  a  three-dimensional  approach  that 
could  find  the  tangential  fields  on  the  outside  radome 
surface  because  of  horn  antenna  radiating  inside  the 
radome  (20).  Wu  and  Rudduck  developed  a  three- 
dimensional  method  that  used  a  plane  wave  spectrum 
representation  to  characterize  the  antenna  (21).  A  dis¬ 
crete  plane  wave  spectrum  (PWS)  is  a  complex  vector 
array  obtained  from  a  Fourier  tran,sform  of  the  near¬ 
field  aperture  and  represents  the  radiating  antenna 
properties.  If  an  anterma  aperture  has  MxN  sample 
points,  then  the  PWS  contains  MN  plane  waves.  The 
PWS  approach  is  illustrated  in  Fig.  4. 


Joy  and  Huddleston  ex'panded  on  tliis  idea  by  using  a 
FFT  to  speed  the  computer  calculations  when  applying 
a  plane  wave  spectrum  approach  (22.)  PWS  is  believed 
to  give  more  accurate  results  tlian  either  GO  or  PO 
approaches  discussed  earlier.  However,  PWS  requires 
considerably  larger  amounts  of  computer  run  time  and 
cannot  be  implemented  on  a  PC. 
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SOURCES  OF  RAY-TRACE 
COMPUTATIONAL  ERROR 

Ray-trace  computational  errors  have  several  causes, 
including  the  following: 

(1)  Antenna  modeling; 

(2)  Statistical  wall  variations; 

(3)  Internal  wave  reflections; 

(4)  Rain  erosion  tip  modeling; 

(5)  Radome  wall  modeling. 

Table  1  gives  an  assessment  of  additional  factors  con¬ 
tributing  to  radome  performance  computational  accu- 
rac>'.  The  internal  reflections  are  a  potentially  signifi¬ 
cant  source  of  computational  error.  In  most  radomes,  it 
is  safe  to  ignore  rays  that  reflect  off  the  radome  wall 
more  than  once  before  striking  tlie  antenna  because 
these  multiple  bounces  produce  insignificant  energy. 
The  mathematical  modeling  describing  this  error 
source  is  shown  in  Burks  et  al.  (23). 

Table  1 


Parameters  That  Influence  Prediction  Accuracy 


Category 

Uncertainties 

Antenna 

modeling 

Antenna  aperture  distribution 
Polarization  detail 

Physical  detail 

Statistical  wall 
variations 

Thickness  variations 

Dielectric  constant  inhomogeneity 
Loss  tangent  uncertainty 

Internal 

reflections 

Back  wall  reflections 

Bulkhead  reflections 

Multiple  bounce 

Flashlobe 

Tip  modeling 
Wall  model 

Refraction 

Flat-panel  assumption 

Anisotropic  materials 

Variation  of  permittivity 
with  temperature 

Adhesion  layers 

Trapped  waves 

Many  aircraft  or  missiles  have  a  bulkhead  plate  be¬ 
tween  tlie  radome  and  the  vehicle  body.  If  this  bulkhead 
is  not  microwave-absorber  treated,  incoming  rays  can 
reflect  off  this  surface  and  strike  tlie  backside  of  the 
antenna.  The  backlobe  pattern  of  tlie  antenna  receives 
this  reflection,  causing  boresight  errors.  Generally, 
bulkhead  reflections  will  not  have  much  effect  until  the 
angle-of-incidence  of  tlie  incoming  rays  (with  respect  to 
the  radome  axis)  becomes  large.  In  actual  applications, 
antenna  gimbals  and  otlier  electronic  hardware  may 
block  some  reflections  from  reaching  the  antenna.  To 


evaluate  the  typical  contribution  of  each  of  the  ray 
bounce  error  contributors,  we  studied  an  A-sandwich 
tangent  ogive  radome  with  a  fineness  ratio  of  three. 
The  antenna  size  was  approximately  20  wavelengths  at 
the  operating  frequency  and  the  polarization  was  verti¬ 
cal.  Using  a  GO  receiving  mode  prediction  model,  we 
compared  the  measured  elevation  plane  BSE  data  to 
predicted  data.  For  this  particular  radome,  when  ig¬ 
noring  all  internal  reflection  error  sources,  reasonably 
good  correlation  was  seen  between  measured  and  pre¬ 
dicted  BSE  data,  but  the  predominant  internal  reflec¬ 
tion  error  source  was  found  to  be  bulkhead  reflections. 

Wall  Model  and  Statistical  Variations 

Another  source  of  computational  error  is  the  wall 
transmission  model.  In  all  current  ray-trace  solutions, 
the  radome  walls  are  approximated  as  locally  plane  at 
the  ray  intercept  point  because  most  radome  walls  are 
approximated  as  locally  plane  at  the  ray  intercept  point 
because  most  radome  shapes  are  not  separable  coordi¬ 
nate  surfaces,  and  differential  equations  cannot  be  used. 
The  flat-panel  approximation  is  not  valid  for  thick, 
highly  curved  walls.  For  spherical  radomes.  Bloom  et 
al.  (24),  attempted  to  compensate  the  transmission 
coefficient  to  aecount  for  wall  curvature  by  use  of  a 
divergence  factor  (DF).  Kozakoff  (25)  derived  a  solu¬ 
tion  applicable  to  ogive  radome  shapes.  Geometric 
optics  was  used  to  trace  the  fields  from  the  reference 
plane  through  the  radome  wall  to  a  receiving  mono¬ 
pulse  antenna,  where  the  wall  transmissions  on  each 
ray  collected.  However,  a  DF  derived  from  Snell's  law 
for  spherical  shells  accounted  for  the  local  wall  curva¬ 
ture  at  each  ray  intercept  point. 

Most  radome  wall  models  assume  that  the  dielectric 
and  magnetic  properties  are  homogeneous  and  isotropic 
with  individual  layers.  This  is  not  always  true,  and  is 
another  potential  source  of  computational  error  and 
complication  in  the  modeling.  For  instance,  Kozakoff 
and  Hensel  (26)  showed  that  the  orientation  of  struc¬ 
tural  fibers  in  reinforced  plastic  radomes  results  in 
anisotropy  of  the  electromagnetic  medium  that  influ¬ 
ences  the  modeling.  To  solve  tliis  type  of  problem. 
White  and  Banks  (27)  derived  the  wave  equation  into 
tluee  components  to  deal  with  plane  wave  transmission 
and  reflection  from  anisotropic  materials.  Guided 
waves  were  observed  to  propagate  in  radome  walls  by 
Tricoles  and  Rope  (28),  and  are  potential  source  of 
computational  error.  According  to  Ersoy  and  Ford  (29), 
a  radome  performance  degradation  from  the  theoretical 
predictions  also  occurs  from  radome  surface  irregulari¬ 
ties.  Vorobyev  (30)  has  applied  statistical  methods  to 
manufacturing  tolerances  (on  both  dielectric  constant 
and  wall  thickness)  and  related  the  manufacturing 
tolerances  to  the  electrical  perfonnance  of  radomes. 
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ABSTRACT 

The  work  is  devoted  to  analysis  of  Atomic  Functions 
(AF)  applications  to  principal  problems  of  antennas 
theory.  The  analysis  follows  the  result  of  the  solution  of 
some  applied  problems,  such  as  is  to  determine  the  field 
of  antenna  in  the  far  zone  when  the  distribution  of  the 
current  or  tlie  tangential  components  of  the  electro¬ 
magnetics  field  on  the  surface  of  antenna  is  knowm,  and 
of  synthesis  is  to  determine  a  current  (or  a  field)  in  tlie 
antenna  by  means  of  radiation  pattern  in  the  zone,  and 
boundary  value  problems  of  the  antenna  theory  is  to 
determine  the  field  in  antenna  and  surrounding  area 
when  excitation  by  outside  sources  and  boundary  con¬ 
ditions  are  known.  In  the  second  part  of  paper,  the  new 
algorithm  for  numerical  solution  of  radiation  pattern 
synthesis  problems  is  proposed.  A  number  of  numerical 
examples  were  performed  to  illustrate  the  effectiveness 
of  presented  approach.  Unique  approximating  proper¬ 
ties  of  Atomic  Functions  (AF)  let  us  apply  more  simple 
and  effective  method,  which  result  in  significant  com¬ 
putational  gain,  and,  hence,  the  solution  requires  less 
memory  and  run  time. 

INTRODUCTION 

AF  are  widely  used  in  different  branches  of  computa¬ 
tional  physics  and  also  in  digital  interpretation  of 
measurements  of  signals  and  in  regeneration  of  images. 
For  the  first  time  it  is  proposed  to  apply  AF  mathemati¬ 
cal  instrument  to  the  antenna  theory.  The  advantages  of 
this  principally  new  approach  in  analysis  and  synthesis 
of  the  anteima  were  shown,  and  also  in  boundary  tasks 
of  antenna  theory.  It  was  shown  that  AF  in  many  cases 
are  in  the  best  agreement  with  the  physical  content  of 
the  antenna  concept,  and  take  possibility  to  construct 
simple  and  steady  algorithms  of  calculation  of  their 
basic  essential  features. 

It  is  known  that  a  large  role  in  approximation  theory 
and  numerical  methods  is  played  by  algebraic  and 
trigonometric  (exponential)  polynomials.  This  univer¬ 
sal  instrument  of  approximation  has  an  essential  flaw 
in  practice  -  the  "non-finiteness"  of  classical  polynomi¬ 
als.  In  numerical  realization,  it  is  desirable  to  apply 
"local",  i.e.,  finite  firnctions,  with  carriers  of  small 
diameter,  since  in  that  case  in  the  corresponding  matri¬ 
ces  the  majority  of  elements  are  equal  to  0,  and  the 
matrix  is  "rare"  or  even  "ribbonlike",  but  at  tlie  same 
volume  of  computer  operating  memory  it  is  possible  to 


use  an  approximating  subspace  of  high  dimensionality 
and  thus  receive  precise  approximations.  The  widely 
used  local  spline  functions  are  not  universal  in  the 
sense  that  to  obtain  an  optimal  approximation  function 
with  better  smoothness,  higher  degree  splines  are 
needed.  Thus,  the  classical  algebraic  and  trigonometric 
polynomials  are  universal,  but  not  local,  and  splines  are 
local,  but  not  universal.  The  question  arises  of  the  con¬ 
struction  of  spaces  for  functions  that  would  be  simulta¬ 
neously  local  and  universal.  The  question  arises  of  the 
construction  of  spaces  for  firnctions  that  would  be  si¬ 
multaneously  local  and  universal.  At  the  same  time,  it 
is  desirable  that  they  be  easily  calculated.  The  functions 
discussed  in  more  detail  below  are  so  simple  and  easy 
to  use  that  it  has  proven  expedient  to  fill  a  class  of 
"elementary  functions"  with  them. 

The  question  arises:  how  are  these  functions  con¬ 
structed?  We  have  in  mind  the  fact  that  nonunivcrsal 
splines  are  conditioned  by  their  already  insufficient 
smoothness,  which  makes  it  necessary  to  consider  infi¬ 
nitely  differentiable  finite  functions.  It  is  known  that 
finite  splines  of  the  N-*  degree  are  N-times  folds  of 
characteristic  functions  of  intervals.  These  finite  func¬ 
tions  are  infinitely  repeated  folds  of  characteristic 
functions  of  intervals.  To  obtain  finite  functions,  the 
interval  length  should  reach  zero  as  quickly  as  possible. 
If  cp(v)  is  a  sought-for  function  and  cp'(jc)  is  its  Fourier 

transform,  then  =  TT  ;  here  >0  and 

k=\ 

00 

monotonically  tends  to  zero,  <oo.  Out  of  all 

sequences  a=  |  |  tending  monotonically  to  zero,  we 

will  pick  those  for  which  cp(x)  =  (pa(x)  possesses  good 
approximation  properties.  It  is  evident  that  tlie  simplest 
and  most  convenient  can  be  the  function  (p(x)  that  cor¬ 
responds  to  the  geometric  progression  ak=2  ‘".  Such  a 
choice  of  is  at  least  logical.  We  will  designate  this 
function  up(x).  Consequently, 


up(x)  = 


,  «>  00 

i  i''“n 

-00  -fe=l 


sin/2  * 
tr’^ 


■dt . 


(1) 


The  original  results  for  the  theory  of  AF  were  obtained 
at  the  end  of  1970  by  V.  L.  Rvachev.  The  first  publica¬ 
tion  appeared  in  1971  in  [1].  The  problem  of  the  exis¬ 
tence  of  the  simplest  and,  to  date,  the  most  important 
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AF,  up(x),  originating  with  V.  L.  Rvachev  in  1967  and 
solved  by  him  jointly  with  Rvachev  V.  A.,  was  a  fun¬ 
damentally  new  scientific  result  of  the  structural 
method  suggested  at  the  time  by  V.  L.  Rvachev  for  the 
solution  of  boundary  value  problems  for  equations  in 
partial  derivatives  of  mathematical  physics.  The  func¬ 
tions  up(.x)  discussed  here  appeared  under  the  following 
eircumstances.  In  1967,  V.  L.  Rvachev  put  forth  the 
following  problem  [2],  If  cp(x)  is  a  finite  differentiable 
function,  having  one  part  rising  and  another  falling  (a 
"hump"),  then  its  derivative  9'(x)  will  consist  of  a 
"hump"  and  a  "hole".  Does  a  function  9(r)  exist  for 
which  the  "  hump"  and  the  "hole".  Does  a  function  cp(3r) 
exist  for  which  tire  "hump"  and  the  "hole"  of  the  de¬ 
rivative  are  similar  to  the  "hump"  of  the  function  itself? 

In  the  language  of  mathematics  this  means  the  follow¬ 
ing:  docs  a  finite  solution,  in  which  for  definiteness  we 
consider  the  carrier  of  (p(x)  to  be  the  segment  [-1;  1], 
exist?  In  this  manner,  V.  L.  Rvachev  and  Rvachev  V. 
A.  proved  in  a  1971  work  the  existence  and  uniqueness 
of  such  a  finite  solution  with  an  interval  equal  to  1,  and 
this  is  the  function  up(x). 

Thus,  at  the  same  time  that  classical  algebraic  and 
trigonometric  equations  with  constant  coefficients,  the 
fimetion  up(x)  and  other  analogous  functions  satisfy 

m 

equations  of  the  form  Ly{x)  -  'k^Cf.y{ax  -bk) ,  where 

i=l 

a  >  1,  and  L  is  linear  differential  operator  with  constant 
coefficients.  These  equations  are  close  to  linear  differ¬ 
ential  equations  with  constant  coefficients  in  the  sense 
that  here  the  Fourier  transfonnations  operates  effec¬ 
tively  for  them  as  well.  In  the  theory  of  AF  are  studied 
AF  and  similar  functions,  spaces  created  by  AF,  and 
also  their  application  in  approximation  theory,  mathe¬ 
matical  analysis,  the  tlieory  of  differential  functional 
equations  in  numerical  methods,  signal  processing  and 
image  restoration,  the  statistical  theory  of  knowledge  of 
forms,  boundary  value  problems  of  diffraction  and 
scattering  of  electromagnetics  waves,  and  problems  of 
optimal  control,  analysis,  and  synthesis  of  antennas. 

THE  FUNCTION  up(x) 

The  function  up(x)  [1-17]  (Fig.  1)  is  defined  from  (1). 

It  has  compact  support  [-1,  1]  and  is  a  solution  of  the 
functional-differential  equation 

y(x)  =  lyilx  +  1)  -  2>-(2x  -  1).  (2) 

Approximation  of  various  classes  of  differentiable 
functions  by  expressions  of  the  form 

X  CfcUp(^-*2''P) ,  (3) 

I  ^ 

A"=-oo 

for  fixed  pash  -^0  was  investigated  earlier  in  [3,  14]. 
In  this  note  we  study  the  order  of  approximation  of 


differentiable  functions  by  means  of  linear  combination 
of  translates  of  the  function  up(x)  in  the  form 

cp(x)=  '^c^up{x-k-2~’^) ,  (4) 

fc=-co 

as  00.  It  turns  out  that  such  approximations  have  a 
combination  of  properties  not  encountered  with  the 
classical  trigonometric  and  algebraic  polynomials  and 
polynomial  splines. 


Let  {£„},  n  =  I,  2,...,  be  a  sequence  of  subspaces  of  the 
space  C[-l,  1]  such  that 

dim  L/fi  u,  Ljfj  c  Ln^x- 

Definition  1.  The  sequence  {L„}  is  said  to  be  approxi¬ 
mately  universal  (a.u.)  if  for  any  natural  number  m  and 
any/xje  C”  [-1,  1] 

inf||/  -cp||c[_,,i]  ^  1] 

for  n  >  n{m). 

Definition  2.  The  sequence  {L„}  is  said  to  be  sequence 
with  local  basis  (an  l.b.  sequence)  if  for  any  n  there  is  a 
basis  in  L„  that  consists  of  functions  with  compact  sup¬ 
ports  whose  diameters  tend  to  0  as  n  ->  oo. 

Remark.  For  subspaces  of  C  [-1,  1]  used  in  numerical 
methods  both  the  property  and  the  existence  of  a  local 
basis  are  important,  one  reason  being  that  in  this  case 
the  matrices  of  Uie  corresponding  algebraic  systems 
turn  out  to  be  "thinly  populated". 

It  is  w'ell  known,  that  spaces  of  algebraic  (trigonomet¬ 
ric,  in  the  periodic  case)  polynomials  are  a.u.,  but  they 
do  not  have  local  bases.  The  spaces  of  polynomial 
splines  do  not  have  local  bases,  consisting  of  the  B- 
splines  of  Schoenberg,  but  they  are  not  a.u.  However,  if 
we  consider  a  sequence  of  spline  subspaces  {L„)  for 
w'hich  the  degrees  of  the  splines  increase  as  n  ->  <x>, 
then  we  do  not  have  the  following  condition,  w'hich  is 
important  from  a  practical  point  of  view 
Ltn  ^  . 

Theorem  1.  There  exist  a  sequence  {L„}, 
L„(zC  [-1,  1],  such  that: 

a)  dim  L„  =  n, 

b)  Ln  cl  IjtT^x , 
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c)  L„  is  a  subspace  of  space  of  linear  combination  of 
the  form  (4),  where  p  -  [log2«], 

d)  the  sequence  {L„}  is  a.u., 

e)  {L„)  is  an  l.b.  sequence  and  the  diameters  of  the 
supports  of  the  functions  in  a  local  basis  for  L„  are 
equal  to  (p  +  2)  2'^. 

STATEMENT  OF  THE  PROBLEMS 

1)  In  the  antennas  theory  the  following  questions  are 
considered: 

(i)  problem  of  analysis  is  to  determine  the  field  of  an¬ 
tenna  in  the  far  zone  when  tlie  distribution  of  the  cur¬ 
rent  or  the  tangential  components  of  the  electromag¬ 
netic  field  on  the  surface  of  antenna  is  known, 

(ii)  problem  of  synthesis  is  to  determine  a  current  (or  a 
field)  in  the  antenna  by  means  of  radiation  pattern  in 
the  far  zone, 

(iii)  boundary  value  problem  of  the  antenna  theoty  - 
determination  the  field  in  antenna  and  in  surrounding 
area  when  the  activation  by  outside  source  and  bound¬ 
ary  conditions  are  given. 

AF  can  be  successfully  applied  to  solve  all  this  prob¬ 
lems.  Consider  one  of  them. 

2)  Problem  1 .  This  problem  is  reduced  to  solving  vector 
linear  equation 

Ll^E,  (5) 

where  L  is  linear  operator  produced  by  Green's  function 
of  the  medium  antenna  placed,  1  is  current  distribution 
(electrical  magnetic  current  or  polarization  current)  in 
antenna,  E  is  field  in  far  zone  (usually  considered  a 
tangent  components  of  electric  or  magnetic  field  to  a 
sphere  which  radius  is  much  more  than  the  length  of 
wave  of  light).  To  evaluate  the  advantages  of  applying 
AF  to  this  problem  lets  consider  one  of  die  simplest 
following  situations:  analysis  of  tlie  rectilinear  antenna, 
which  described  by  equation 

i 

E{u)-A-jl{x)-e~’‘^dx,  (6) 

-I 

where  E(u)  is  complex  amplitude  of  the  field  in  the  far 
zone  that  is  proportional  to  the  radiation  pattern  of  the 
antenna,  u  =  I:cos0  (0  is  the  angle  of  aspect,  wliich  is 
reading  from  normal  to  the  antenna,  A  is  complex  con¬ 
stant  which  is  not  depended  upon  tlie  angle  of  observa¬ 
tion,  21  is  the  length  of  the  antenna,  /(x)  =  up(x)  is 
distribution  of  the  current  (electric,  magnetic  or  current 
of  polarization)  in  antenna  that  is  placed  along  x  axis  of 
the  Cartesian  eoordinate  system.  It  is  essential  that  J{x) 
should  be  finite  function  of  the  x  variable  and  should  be 
differentiable,  at  last,  two  times  (the  low  of  the  conti¬ 
nuity  of  the  current)  and  should  be  equal  to  zero  on  the 
end  of  the  antenna.  There  in  AF  are  very  suitable  to 
present  function  I{x).  Actually,  AF  are  finite  and 


nonanalytic  functions  on  tlie  segment,  smoothly  ap¬ 
proaching  to  zero  on  the  end  of  the  segment.  For  exam¬ 
ple  all  this  conditions  are  satisfied  by  function  up(x). 
Same  is  referred  to  atomic  functions  of  the  higher  or¬ 
ders.  As  it  is  known,  when  the  segment  [-1,  1]  is  sup¬ 
plemented  with  infinity,  the  equation  (2)  can  be  consid¬ 
ered  as  Fourier  transfonn.  Therefore  when  using  AF 
relevant  are  their  spectral  properties. 

The  Fourier  transfonn  from  AF  up(x)  i.e.  the  radiation 
pattern  of  allocation  of  a  current  l{x)  =  up(x)  looks  like 

»i=l 

The  Fourier  transfonn  of  the  AF  belongs  to  class  reac¬ 
tivity'  of  entire  functions  of  an  exponential  type  of  an 
extent  not  superior  21,  descending  on  the  material  axis 
when  u  ->  00  exponentially. 


Fig.  2.  Fourier  transform  from  up(x) 


In  other  words  a  set  of  radiation  patterns  which  corre¬ 
spond  to  AF  has  property  to  concentrate  energy  in  a 
range  of  real  angles  -k  <  u  <  k.  Representation  of  a 
current  (field)  in  a  uniform  linear  array  (among  them, 
in  aperture)  with  the  help  of  the  main  AF  [10,  12]  en¬ 
sures  a  radiation  pattern  with  quick  descending  side 
lobes.  It  allows  constructing  antennas  with  optimal 
radiation  patterns. 


The  approximation  of  composite  distribution  of  a  cur¬ 
rent  l(x)  with  the  help  of  AF  is  possible  by  a  partition  of 
length  of  the  antenna  21  on  2N  of  cuts  of  length  D  =  UN 
and  representation  function  I(x)  the  following  way 

n=-2^  ^  ^  ^ 

Thus,  the  radiation  pattern  will  be  introduced  by  the 
sum  of  tlie  partial  charts 


sm\wA/2 

«a/2^) 


(9) 


£(«)=  ^c(/7).n' 

Thus,  in  the  tasks  of  analysis  of  the  theory  of  antennas 
a  body  of  mathematics  of  AF  allows  to  construct  the 
constructive  approach  adequately  representing  analyti¬ 
cal  properties  of  these  functions:  finiteness,  approach¬ 
ing  to  zero  on  the  end,  and  concentration  of  a  radiation 
energy'  in  the  area  of  physical  observation  angles  (small 
reactance). 
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1/2'Pi 


Fig,  3.  Radiation  pattern  of  allocation 
of  a  current  l{x)  =  up(x) 


3)  Problem  2.  This  problem  is  the  inverse  with  the 
respect  to  tire  problem  1  and  in  the  simplest  case  of  tlie 
rectilinear  antenna  (6)  it  can  be  reduced  to  the  solving 
of  the  integral  equation  of  tlie  T*  kind.  As  it  was  stated 
in  the  problem  1),  tlie  reduction  of  (6)  to  the  form  of 
bilateral  Fourier  transform  requires  complement  of  the 
l(x)  function  with  zero  on  the  rest  of  x  axis  and  some 
complement  of  the  E(x)  function  on  the  same  interv'al 
without  breaking  the  conditions  of  Wiener-Paley  theo¬ 
rem.  While  using  the  AF  for  the  representation  of  /(x), 
there  arc  no  difficulties  with  the  provision  of  the  fmite- 
ness  of /(x)  and  with  the  progressing  into  the  region  of 
the  superguided  solutions,,  for  avoiding  of  which  one 
often  refers  to  the  methods  of  solution  of  incorrectly 
stated  problems  of  mathematical  physics.  Consequently, 
tlie  solution  of  tlie  problem  of  antennas  synthesis  with 
the  help  of  AF  allow'S  to  suggest  simple  and  stable 
algorithms  for  this  class  of  problems. 

4)  Problem  3.  The  boundary  value  problems  of  anten¬ 
nas  theory  are,  as  a  rule,  solved  with  a  Method  of  Mo¬ 
ments  (MoM),  that  is  often  called  the  generalized 
method  of  induced  EMF.  At  the  same  time,  from  the 
boundary  conditions  there  follows  the  equation  Z 1=  U, 
where  Z  is  a  linear  (impedance)  operator,  7  is  a  sought 
distribution  of  the  current  (electric,  magnetic  or  polari¬ 
zation)  in  the  antenna,  U  is  the  given  distribution  of  the 
primary  (incident)  field  in  the  antenna.  The  important 
aspect  of  the  MoM  method  is  the  choice  of  system  of 
basic  functions  for  decomposition  of  the  sought  current 
distribution.  Formerly,  for  solving  the  problems  of  the 
antenna  theory  difiereiit  systems  of  basic  fimetions  were 
used.  The  basic  functions  of  subdomains  upon  the 
enough  simplicity  of  the  calculation  of  moments  (recip¬ 
rocal  resistances  or  conductances)  do  not  have  the 
needed  smoothness  that  often  leads  to  errors  upon 
solving  the  practical  problems. 

NUMERICAL  APPROACH  TO  THE  ANTENNAS 
SYNTHESIS  BASED  ON  ATOMIC  FUNCTIONS 

The  relative  distribution  of  radiated  power  as  a  function 
of  direction  in  space  is  the  radiation  pattern  of  the  an¬ 


tenna.  It  is  common  practice  to  show  planar  sections  of 
the  radiation  pattern  instead  of  the  complete  three- 
dimensional  surface.  The  two  most  important  views  are 
those  of  the  principal  £-plane  and  77-plane  patterns. 
The  A-plane  patterns  is  a  view  of  the  radiation  pattern 
obtained  from  a  section  containing  the  maximum  value 
of  the  radiated  field  and  in  which  the  electric  field  lies 
in  the  plane  of  the  chosen  sectional  view.  In  this  paper 
we  deal  with  7i-plane  radiation  patterns. 

Formulation 

Radiation  pattern  of  linear  radiator  is  expressed  in  tlie  form 
Z/2 

F'e=  ,  (10) 

-1/2 

where  L  is  the  radiator's  width  and  7(z)  is  the  current 
distribution  in  radiator.  For  numerical  solution  of  the 
above  integral  equation  Method  of  Moments  is  used.  As 
basis  functions  we  take  shifts  of  AF  [1-17] 


then 

L/2 

-Ljl 

(12) 

CO  /  \ 

Zf  I  o-w  I  ikz cosO  _ 
c„  J  up\^-n2  )e  dz - 

«=-«=  -Z,/2 

=  ]^c„FT[Mp(i'COS0-«2“'"| 

n=~co 


where  771up(z)]  is  well  known  expression  for  Fourier 
transform  of  tlie  function  up(z)  [1-3] 


00 

FT[up{z)\u)=Y\ 


k=\ 


sin^-2  ^ 
u-2-'^ 


AF  possess  unique  spatial-frequency  features:  finiteness 
in  ordinary  space  and  exponential  localization  in  Fou¬ 
rier  space.  Let  us  consider  the  antenna  with  following 
current  distribution  7(z)  =  up(z)  shown  in  Fig.  1. 


Fig.  4.  Base  function  for  current  ductribution  up(z) 
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Then  according  to  (1)  radiation  pattern  will  have  the 
form 


Function  up(2)  equals  to  zero  outside  the  [-1,  1]  and  is 
non-negative  and  even.  Consequently,  computing  of 
up(z)  on  tlie  [-1,  1]  can  be  performed  by  means  of  Fou¬ 
rier  series 

up(z)  =  — +  ^  FT\up\nk)- cosjnkz) . 

Linear  antennas  array 

Directivity  function  for  the  linear  antenna  array  can  be 
define  in  the  form 

N 

D(Q,  v(/)  =  Do(9,  q/)  exp(/>^(A:^f  cosG  -  ij;)), 

n=-N 


or  in  the  polar  coordinate  system 


Fig.  6.  Radiation  pattern  of  allocation 
of  a  current  /(z)  =  up(z) 

Thus,  we  obtain  the  convenient  antenna  element  with 
known  current  distribution  and  radiating  pattern  and, 
which  is  most  important,  with  unique  approximating 
properties. 

NUMERICAL  EXPERIMENTS 


where  Z)o(0,  is  tlie  element  radiation  pattern  and 

N 

exp{in{kd  cos  0  -V'))  is  the  array  factor.  There 

n=-N 

are  tliree  common  cases  of  radiation. 

A.  Normal  radiation,  vg  =  0 


Fig.  7.  Pattern  of  linear  array  of  radiators 
for  /(z)  =  up(z),  vg  =  0 


Representative  computations  are  given  to  show  the 
validity  of  the  proposed  method  and  to  demonstrate  its 
merits.  We  consider  the  following  examples: 

a)  Linear  antennas  array. 

b)  Linear  radiator. 


For  computation  of  Fourier  transform  of  the  up(z) 


Fr[uplu)=Y\ 

m=\ 


sin»2~'” 


we  can  use  approximating 


formula 


M 


^[«FL(")=n 


sinM2' 


m=l 


u2~ 


where  M=  16  is  sufficient  for  requiring  accuracy.  The 
square  error  in  this  case 

B=  !^l\j^[upY{u)-Fr[upl,{u)du  =0.5791-10-®. 


B.  Slope  radiation,  0  <\\i  <kd 


Fig.  8.  Pattern  of  linear  array 
of  radiators  with  /(z)  =  up(z),  \g  = 


71 

24 


C.  Axis  radiation,  vg  >  kd 


Proceedings  of  the  3rd  International  Conference  on  Antenna  Theory  and  Techniques,  Sevastopil,  Ukraine,  8—11  Sept.  1999 


60 


1/2'Pi 


Fig.  9.  Pattern  of  linear  array  of  radiators 
for  /(z)  =  up(z),  v|'  =  ~ 


M2’fi 


Fig.  10.  Pattern  of  linear  array  of  radiators 


for  /(z)  =  up(z),  v  =  — 


Linear  radiator 

Let  us  consider  characteristics  of  linear  radiator  based 
on  up(z).  To  show  the  effectiveness  of  the  proposed 
approach  we  calculate  same  antennas  characteristics  of 
linear  radiator  with  current  distribution  in  form  of  up(z) 
to  compare  them  with  ones  of  widely  used  antennas. 

The  following  antenna  characteristics  are  of  interest: 

(i)  Radiation  pattern  width  A0  o- 

(ii)  Radiation  pattern  width  A6  0.5  on  half-power  level. 
The  half-power  beam  width  is  usually  given  for  the 
principal  ^-plane  patterns  and  is  angular  width  be¬ 
tween  points  at  which  the  radiated  power  per  unit  area 
is  one-half  of  tlie  maximum. 

(iii)  Highest  sidelobe  level  (in  decibels)  HSLL. 
Let  0],  02,  ...  be  the  local  maximum  angles  of  D(0), 
distinct  from  Omai,,.  Then 


HSLL  =  10  log  max 


D{Qmaw) 


(iv)  The  so-called  "usefulness  factor"  v,  which  is  de¬ 
fined  by 


v 


{ I  {z)dz 
-Ljl 


A/2 

/  I  dz 

j  -LI2 


and  equals  to  the  equivalent  noise  bandwidth. 

Here  FSLL  is  abbreviate  for  first  sidelobe  level,  which 
is  equal,  in  this  case,  to  highest  sidelobe  level  [5j. 

Further,  w'e  can  also  define  other  parameters: 

(i)  Overlap  correlation:  for  the  50%  overlap 
Lf2  j  in 

OC  =  \l{z)l{z  -  Ljiyiz  /  J (z^z  =11.8  %. 

0  /  -m 


(ii)  Spurious  amplitude  modulation  (SAM) 

10(71/2)'^ 


SAM  =  -  10  log 


D(0) 


1.21. 


(iii)  Maximum  transformation  loss  (MTL) 

MTL  =  10  log  v  +  SAM  =  3.29. 

(iv)  Asymptotic  rate  of  sidelobe  fall-off  (in  decibels  per 
octave) 


10  log  lim 

IbI— >00 


0(20) 


D(0) 


(v)  Coherent  gain 


■  L/2 

-  J/  (z)dz 


-in 


=  0.5. 


Such  a  physical  set  of  parameters  makes  proposed  nu¬ 
merical  method  effective  and  convenient,  especially 
taking  into  account  simplicity  in  definition  of  up(z). 


Fig.  11.  Computed  value 
of  considered  radiation  patterns 


CONCLUSION 

The  properties  of  the  AF  allows  avoiding  such  errors, 
and  as  far  as  the  partial  radiation  pattern  are  concen¬ 
trated  around  zero,  it  guarantees  the  stability  and  ex¬ 
actness  of  calculation  of  field  distribution  in  the  far 
zone  of  the  antenna,  that  is  the  first  characteristic  of 
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Table  I 

Characteristics  of  Radiator  Based  on  iip(z) 


Current  Distribution, 

Array  factor 

A0O 

A0  0.5 

FSLL, 

vvvv\nnrrwv»vwvw«v»vv» 

Factor 

l(z) 

Fc(«),  u  =  (A:L/2)cos6 

dB 

V  =  D/Dq 

I(z)  =  up(z) 

A  sinul-’” 

A  A  ..O-'W 
m=l 

X 

226°- 

L 

84° - 
L 

-23.5 

0.8085 

I(z)  =  1 

sin  u  /  u 

115“- 

1 

51°- 

L 

-13.2 

1 

COS(7t  z  /  L) 

7t^  cos  U 

4  {n/2f-u^ 

112° - 
L 

61° - 
L 

-23.0 

0.81 

COS^(7t  z  /  L) 

2  sinu 

1 

229°  — 

L 

1  00 

\  ^ 

-32.0 

0.667 

any  antenna  by  importance.  The  most  attractive  aspect 
is  the  application  of  AF  in  the  tlieoiy'  of  lattices  of  vi¬ 
brator  or  slot  antennas.  Here  the  representation  by  AF 
is  the  most  corresponding  to  the  pattern  of  real  distri¬ 
bution  of  the  current  in  any  transmitter,  and  conse¬ 
quently,  it  will  yield  the  best  convergence  to  the  exact 
solution. 

It  was  established  that  using  AF  as  basis  functions  to 
far-field  pattern  approximation  we  obtain  current  dis¬ 
tribution  in  the  form  of  AF  series.  This  result  in  suffi¬ 
cient  computation  gain  and  approximation  accuracy. 
This  algorithm  can  be  further  expanded  to  wide  class  of 
antenna  synthesis  problems. 
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1.  In  recent  research  on  A  A  theory  one  of  the  major 
issues  is  elaboration  of  methods  for  estimation  of  spa¬ 
tial  spectmm  of  noise  sources  that  could  lower  con¬ 
straints  of  antenna's  resolution  stipulated  by  its  limited 
aperture.  List  of  the  proposed  up  to  now 
“superresolution”  methods  of  spectral  estimation  is 
extremely  long  [1-6]  and  all-time  continues  to  be  sup¬ 
plemented. 

But  criteria  and  substantiations  used  for  synthesis  and 
analysis  of  these  methods  are  rather  heterogeneous,  and 
conclusions  on  their  efficiency  and  advantages  are  often 
based  on  eiUicr  unrealistic  assumptions  about  exact 
knowledge  of  tlie  covariance  matrix  (CM)  in  array 
outputs  or  on  “visual  impressions  [16]”  about  the  fonns 
of  output  effects  realizations  obtained  by  simulations. 

Such  a  situation  forces  a  number  of  problems  to  be  put 
against  the  theory  and  engineering  of  spectral  estima¬ 
tion  based  on  AA.  The  most  important  of  them  may  be 
formulated  as  follows. 

A.  Understanding  of  essence  of  the  proposed 
“superresolution”  methods  of  spectral  estimation  from 
the  point  of  statistical  resolution  theory'  [7,  8]  that  de- 
tennincs  potentialities  and  optimal  resolution  methods 
by  statistical  criteria  that  consider  random  nature  of 
emissions  and  interference  noises. 

B.  Determination  of  "the  payment"  for  passing  from  the 
complicated  optimal  methods  to  more  simple  quasi- 
optimal  ones  and  usage  of  non-statistical  criteria  (in 
particular,  the  Rayleigh  criterion)  for  analysis  and 
comparison  of  methods. 

C.  Determination  and  analysis  of  statistical  character¬ 
istics  of  resolution,  including  the  Rayleigh  criterion  as 
well,  under  real  conditions  of  a  priori  undeterminacy 
that  is  overcome  using  the  replacement  of  unknown 
CM  witli  random  estimation  matrix,  being  formed  on 
the  basis  of  teaching  samples  of  finite  size.  Classifica¬ 
tion  of  the  methods  by  the  level  of  requirements  to  the 
size  of  a  teaching  sampling,  dependence  of  these  re¬ 
quirements  on  the  specificity  of  AA. 

D.  Substantiation  of  practical  means  for  realization  of 
superresolution  spectral  analysis  methods,  their  unifi¬ 
cation  and  complexing  that  would  enable  to  Join  ad¬ 
vantages  of  different  methods  and  to  weaken  their 
shortcomings. 


The  research  on  the  above  listed  problems  as  well  as  on 
a  number  of  other  problems,  are  carried  out  in  many 
countries,  and  by  no  means  they  can  be  considered  as 
completed.  The  same  considerations  can  be  applied  to 
the  following  description  of  some  new  findings  on  the 
above  mentioned  circle  of  problems. 

2.  The  theory  [7,  8]  treats  different  types  and  criteria  of 
resolution,  and  each  of  these  types  or  their  certain  com¬ 
bination  may  be  required  to  solve  estimation  problems 
of  spatial  spectrum  of  radiation.  Nevertheless,  the  ma¬ 
jority  of  know'n  metliods  as  well  as  a  number  of  new 
ones  may  be  obtained  on  the  basis  of  the  statistical 
theory  of  quasi-complete  resolution-detection.  Accord¬ 
ing  to  tliis  tlieory,  n  signals  in  tlie  noise  are  considered  to 
be  resolved  if  tlie  statistical  cliaracteristics  of  the  detection 
(conditional  probabilities  of  false  alarm  F  and  correct 
detection  D)  of  each  of  them,  in  Uun,  being  considered  as 
useful,  become  worse  due  to  the  impact  of  the  rest  (n  -  1) 
signals  playing  die  role  of  interfering  ones,  in  comparison 
Mdi  die  case  when  diere  is  only  noise  (without  interfer¬ 
ence)  not  exceeding  the  given  limits.  Under  such  an  as¬ 
sumption,  die  analysis  of  radiadon  spadal  spectrum  in  die 
given  sector  consists  in  lesdng  of  die  hypotheses 

H\  of  presence  or  Hq  of  absence  of  the  source  in  die  se¬ 
quentially  or  parallel  controlled  “signal  directions” 
aeaj,ay  on  the  basis  of  die  processing  of  die  input 

realizadon. 

First,  let  us  consider  potentialities  of  the  based  on  AA 
spatial  resolution-detection  of  n  sources  of  stationary 
noise  radiation,  assuming  that  the  input  realization  is 
given  by  the  sampling  of  size  K>\ 

y  =  0,  Y,.Y;=a>.5,.  i,Jel,K 

of  Gaussian  mutually  independent  (5y=0,  i  ^  j ,  5i,=l) 

M-dimensional  vectors  Y,  =  of  complex  am¬ 

plitudes  of  M  AA  elements  at  K  discrete  time  points, 
with  equal  M*M  CM  [3, 5, 8,9] 

CD  =  {cp^, }  =  Y,  ■  X*  =  I,v  +  G(p  )•  h  •  G((3f ,  (2) 

/el,K. 

Here  Im  is  an  identity  M*M  matrix  that  describes  CM 
of  mutually  independent  sensor  noises,  with  a  power 
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taken  to  be  equal  to  one,  G(p)=  {x(j3^))"^,  is  M*n 
matrix  with  A/-dimensional  vectors 


I  J/=l 

=  2%d  •  sin6^,  /A, ,  v  e  l,n. 


maximized  by  an  optimal  linear  processing  at  fomiing 
the  weight  sums  Vi,  (/  €l,A^)  with  the  weight  vector 
Ro(a)  (4). 

In  ordinary  test  case,  with  the  two  (n  -  2)  sources  of 
equal  power  {h\  =  h2  =  h)  at  a  =  p,  (Pj)  we  obtain 


which  describe  phase  distribution  of  source  v  (from  the 
direction  9^  with  respect  to  normal)  as  per  the  ele¬ 
ments  of  uniform  linear  AA.  Matrix  h  =  diag^^.  is 

n*n  diagonal  matrix  of  mutually  independent  radiation 
powers,  d  and  X  denote  the  inter-element  distance  and 
signal  wavelength.  Tire  bar  and  asterisk  (*)  denote  an 
average  and  the  set  of  Hermitian  transpose,  respec¬ 
tively. 

Under  conditions  of  (1),  (2)  the  H\  hjpothesis  is  true 
(or  rejected  in  favour  of  Hq  hypothesis)  if  tire  statistics 

^  (4) 

k'j;;  (a)  =  Y*  •  (a),  R,  (a)  =  cD'* .  x(a) 

exceeds  (or  does  not  exceed)  the  threshold  level 

co(a)  =x,^-allK,alr=  (a)  =  Rj  (a)  -  •  Rq  (a) .  (5) 

In  the  equations  (4),  (5)  X(a)  is  the  phase  distribution 
vector  of  the  (3)  type  of  radiation  from  the  “signal” 
direction  a  being  analyzed,  with  the  h{a)  pow'er,  Oo  is 
the  CM  of  Y,-  vectors  of  the  Ho  hypothesis,  x,^  IK  is 
the  factor  of  threshold  exceeding,  over  the  mean  value 
^o(“-)  of  the  pre  -threshold  statistics  5o(a)  according 
to  the  Ho  hypothesis  that  ensures  the  prescribed  prob¬ 
ability  of  false  alarm  F,  is  the  root  of  the  equation 

f{x,r)  =  R',  f{x)=]pXx,l)dx  =  e-^ -j^xdil,  (6) 

,  i=0 

where  is  the  Erlang  distribution  [10] 

'-expl-x/a^  (7) 

of  the  statistics  a-K-  ^(a)  (4)  with  the  parameters  of 
the  form  K  and  scale; 

a'-CT^=^„{a),  a'=a?=CT„'(l  +  p)  =  ^,  (8) 

E  =  liP)/|7(^-l  =  /!(oc)-X’(a)-cl>-’ .X(a)  (9) 

according  to  Ho  and  Hi  hj'potheses  respectively. 

At  that,  the  probability  of  the  correct  detection 

^  =  +  (10) 

is  determined  by  the  parameter  p  (9)  that  means  a 
power  signal/(interference  +  noise)  ratio  (SINR)  and  is 


a:,=i- 

(11) 

p  =  ---X*(p,)-X(pj)»sin7cA/7i:A  , 

M 

where  q  -  Mh  is  the  signal/noise  ratio  (SNR)  at  the 
optimal  linear  processing  of  the  “useful”  signal  when 
interfering  ones  are  absent,  /fe  <  1  is  mentioned  in  the 
[1]  “coefficient  of  energ}'  usage  of  the  “useful”  signal” 
in  the  presence  of,  p  is  the  coefficient  of  their  spatial 
correlation,  A  =  ([32  -P|)/A(,  is  tlie  relative  angular  dis¬ 
tance  between  tlie  sources  (in  relation  to  the  half  width 
Aj  =  27t / M,  M  »l  of  tlie  in-pliase  AA  radiation  pat¬ 
tern  as  per  the  level  of  tlie  first  zeros). 

From  the  equations  (6)-(ll)  it  follows  that  in  the  ex¬ 
amining  test  situation  the  q  value  necessary  to  detect 
the  “useful”  signal  against  the  background  of  noise  and 
the  interfering  signal  located  at  the  angular  distance  A 
from  the  useful  one,  at  the  given  values  of  F  and  D,  should  be 
equal  to 

_(p-l)+.^(p-l)S4p.(l-|pf) 

7  I  i2  ’  (t'^l 

2-(l-ip|  ) 


where  p  =  x,,.  />'  - 1 ,  and  y  are  roots  of  the  equations 
/fyj  =  D  of  the  (6)  function. 

In  particular,  at  D  =  0.5  and  F=  10’® 

a  ,  fo « 15.7;  6 « 0.67;  5<K^m, 

p»  —  +  bA  (13) 

K  22;  6*0.33;  AT >20. 


At  spatial  orthogonality  of  sources  (A  =  1,  p  =  0)  Afe  = 
1,  p  =  ?,  that  is  the  energy  of  the  “useful”  signal  is  used 
entirely.  At  A  <  1  (“superresolution”  case)  when  the 
following  assumption  are  reasonable 

p*l-7r^A^/6*l-1.5A\ 

I  l2  ,  I  ,2  ,  (^^) 

|pf  *l-3A^  l-|p|'*3A\ 

from  the  eq.  (12)  it  is  not  difficult  to  obtain  the  follow¬ 
ing  estimations 

lX,>4ip-\)nq,  p>3,  ^,<\lSq,  P<1  (15) 

of  potentialities  to  resolution-detection  of  the  two  equal 
power  noise  sources,  that  is  the  minimum  angular  dis¬ 
tance  A^  between  them  when  each  one,  in  the  presence 
of  the  second  one,  can  be  detected  with  tlie  given  sta- 
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tistical  characteristics  (F  and  D  probabilities).  So,  at  D 
=  0.5  and  F=  (see  (13))  we  obtain: 

npn-  K<5: 
|Aj5<0.577/g  npn  A' >35, 

that  corresponds  well  to  the  shown  in  Fig.  1  results  of 
accurate  calculations  of  <7  =  q(K,A),  by  (12)  and  (1 1),  at 
A  =  1  known  from  [7]. 


0.01  0.1  1 


Fig.  1 

Difference  of  the  curves  ordinates 
/■(A,A)=g(A,A)-<7(A",l)  (see  Fig.  1)  determines  the 
power  “payment  for  the  superresolution”  (in  dB)  of  the 
two  sources  of  equal  power  located  at  the  angular  dis¬ 
tance  A  <  A^ ,  being  less  than  the  Rayleigh  limit 
A^  .  For  the  models  (l)-(3)  this  payment  can't  be 
reduced  by  any  ways  since  it  corresponds  to  the  optimal 
processing  of  (4)  and  (5)  under  “ideal”  conditions  of 
the  full  a  priori  detcnninacy’,  that  is  exact  knowledge  at 
all  values  a  e  ,  a^-  of  tlie  CM 

C»  =  4>(,  H  O  =  <t>,  =0(1 +/i(a)-X(a)X*(a)  (17) 
in  accordance  with  Ho  and  H  hypotheses  respectively. 

3.  In  practice  these  CM  are,  as  a  rule,  unknown.  In¬ 
stead  of  these,  in  accordance  with  the  “adaptive  Bayes's 
approach  [II]”,  in  the  equations  (4)  and  (5)  certain 
random  estimation  matrices  ®  are  to  be  used,  and 
proximity  of  the  corresponding  adaptive  processing  to 
the  optimal  one  depends  on  the  quality  of  these  estima¬ 
tions. 

However  implementation  of  this  approach  for  the  con¬ 
sidered  problem  of  the  spatial  spectral  analysis  of  the 
continuous  noise  sources  has  some  fiindamental  re¬ 
strictions.  These  are  stipulated  by  high  complication  in 
obtaining  classified  "only  interference"  samplings  (that 
is  without  "the  signal")  for  all  signal-bearing  directions 
aeai,,ay  and,  therefore,  ^0  estimation  of  CM  ac¬ 


cording  to  Ho  hypothesis,  and  the  adaptive  weight  vec¬ 
tors  R,)(a)=  Oo'x(a)  and  thresholds  5(a)  described 
by  this  estimation.  That  is  why  for  all  "superresolution" 
methods  of  spectral  estimation,  instead  of  "difficult  to 
obtain"  matrix,  6  estimates  ^  are  usually  used 
being  formed,  in  general,  on  basis  of  the  teaching  sam¬ 
plings  of  (1)  and  (2)  types  [1-6,  9,  12], 

At  such  a  substitution,  for  any  unbiased  estimates 
( =  <1* )  the  weight  vector  R(a)  =  0"'x(a)  is  formed, 

with  a  mean  value  of  R(a)  =  c(a)-  RD(a)  that  is  pro¬ 
portional  to  the  required  weight  vector  Rq  (a)  (4) 
[9,12],  so  that  the  SINK  p  (9)  retains  unchanged  (and 
highest  possible)  at  the  arbitrary  c(a)  ^  0  scale  factors. 
But  in  this  case  the  required  threshold  level  5(a)  is 
still  undetennined,  This  is  the  only  explanation  (and 
justification)  of  the  universal  prevalence  of  the  non- 
statistical  Rayleigh  criterion,  in  accordance  with  that 
resolution  is  detennined  not  by  the  results  of  compari¬ 
son  of  the  random  value  |(a)  with  the  threshold  5(a) 
in  every  point  of  the  a  e  aj,ay  array,  but  by  the  depth 
of  “tlie  curve  dips”  between  the  peaks  of  |(a)  function 
at  the  a4,ay  interval  [5,  9,  12]. 


Principal  impossibility  to  attain  the  limits  (15)  and  (16) 
even  at  tlie  extremely  large  size  (A^->oo)  of  the  teaching 
sampling  N  is  an  unavoidable  "payment"  for  this  forced 
rejection  of  the  adaptive  implementation  of  all  stages  of 
(4)  and  (5)  processing.  One  more  consequence  is  that 
the  "superresolution"  methods,  differing  only  in  c(a) 
factors  and  fiilly  equivalent  as  per  statistical  criteria  of 
resolution-detection,  may  be  substantially  unequal  as 
per  the  Rayleigh  criterion.  But  it  is  Uie  specificity  of  the 
c(a)  scale  factors  that  the  differences  of  their  majority 
[9].  Let  us  illustrate  this  by  some  examples  directly 
leading  to  the  known  "superresolution"  methods  of 
spectral  analysis. 

4.  Suppose  instead  of  the  "difficult  to  obtain"  weight 
vector  Ro(a)=  Oo'^(a)  at  the  stage  of  the  linear  proc¬ 
essing  in  the  (4)  the  vector  Rc(a)=  c(a)-4*''X(a)  is 
used,  with  the  mean  value 


Rc  (a)  =  Rc  (a)  =  c(a)-  R(a) ,  R(a)  -  T'X(a) , 

I  yp,q=] 


(18) 


Due  to  (17)  it  is  collinear  to  the  Ro(a)  vector  (4).  Thus 
stipulated  independence  of  the  SINR  p  (9)  on  the  factor 
c(a)  ^  0  enables  to  subdue  its  selection  to  some  addi¬ 
tional  requirements  of  "practical"  nature.  Sense  of  some 
these  requirements  become  clear  when  put  down  the 
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(23) 


S(a)=|(a)  =  R,(a)-O.R^(a)= 

=  |c(a)j  ^  X*  (a)'RX(a)  =  Sg  (a) + (a) + Sj  (a) 

that  represents  the  signal,  noise,  and  interference  com¬ 
ponents.  For  the  first  two  components,  according  to  the 
equations  (2),  (17)  and  (18),  the  following  equalities  are 
valid; 


(a)  3=  //(a)  •  [c(a)|^  jx’ (a)'RX(a)j  \ 
S^(a)=|c(a)^X*(a>PMa). 


As  an  example,  let  us  require  for  tlie  signal  transfer 
factor  to  be  steady,  that  is  the  multiplier  for  the  h{a) 
and  (a)  values  to  be  equal  to  one.  Apparently,  this 
requirement  will  be  performed  at 

c(a)=  (x"(a)'PX(a)) ' . 

In  this  case  we  have  the  following  equation: 

=  (21) 


and  consequently,  tliis  function  coincides  with  the 
spectral  function  (SF)  of  the  generally  known  Capon 
“maximum  likelihood”  (ML)  method  [13,  1-6,  9,  12]. 
Fixation  of  the  signal  power  means  that  in  this  case 
maximization  of  the  SINK  p  is  ensured  by  minimiza¬ 
tion  of  the  interference  and  noise  power,  and  tliis  ex¬ 
plains  the  one  more  name  of  tlie  Capon  method  -  the 
method  of  minimum  dispersion,  as  it  has  been  used  in 

[5]. 


Let  us  replace  this  requirement  with  the  one  of  the 
noise  component  in  the  (19)  equation  to  be  constant  at 
any  angles  asa^.a^,  that  is  (5^(a)  =  l).  It  will  be 

performed  at 


c(a)=  (x‘(a)VP^X(a))'‘'^  =  (R*{a)-R(a))  ‘'^ . 


At  that,  the  function 


S(a)=5’,,(a)  = 


X'{a}VK(a) 

X'(a>P^X(a) 


(22) 


represents  the  SF  of  the  Borgotti-Lagunas  (BL)  method 
[9]. 

Suppose  now  that  c(a)  =  /  e^'PX(a) ,  where 

is  the  w-th  (melM)  row  of  the  identity  matrix  1^.  At 
such  selection,  the  w-th  (melM)  element  of  vector 
Rjf(a)  (18)  is  fixed  at  tlie  level  ,  at  all  angles 
a  ea^,a^,  and  the  function 


5'(a)=  -'^wo<(a)=  H',,„„X*{a)^^a)/|e;;,'PX(a^^ , 
m  e  \,M 

represents  the  SF  of  tlie  “modified  Capon's  algorithm 
(MCA)”  described  in  [15], 

The  (22)  and  (23)  SF  and  are  bounded 

with  the  SF  of  the  "heat  noise  (FCN)''  method  [6]  and 
"maximum  entropy  (ME)"  method  [1-6]  by  the  follov'- 
ing  equalities: 

^BL  ('^)  ~  ^ML  ('^)  >  ^MCA  ('^)  “  ^ME  ^ M.  ('^)  • 

The  SF  for  the  mentioned  above  methods  have  the 
following  appearance: 

5';,A,(tx)  =  (x*(a)^^^X(a))-', 

(a)  =  M'„„/|eL'PX(a)|',  w  =  1  or  m=M . 

They  may  be  derived  from  the  (18)  and  (19)  equations 
by  means  of  c(a)  multipliers'  selection,  but  in  such 
case  their  physical  sense  is  not  so  evident. 

In  similar  way,  it  is  possible  to  come  to  many  other 
methods  including  so  called  "eigenstructure"  methods 
(Pisarenco,  Bartlett,  MUSIC,  EV  etc.  [4,  5,  9,  12,  16]). 
Here,  we  will  pay  attention  only  to  the  methods  based 
on  the  (21)-(24)  equations,  whose  applications,  in 
contrast  to  the  "eigenstructure"  methods,  are  not  re¬ 
stricted  to  the  processes  with  CM  of  type  (2).  We 
will  notice  consequences  of  induced  refusal  of  the 
threshold  processing  and  coming  to  estimations  of 
resolution  based  on  the  Rayleigh  criterion. 

5.  Two  equipotent  sources  are  considered  to  be  resolved 
by  Rayleigh's  criteria  if  SF  S'(a)  has  two  distinction 
maximum,  that  have  coordinates  a,  identifying  to 
direction  p,  on  source  /  (/6l,2).  Parameters 

Y.=5'(a,)/5(aJ  or  y  =  5(p,)/5(p„),/ =  1,2,  (25) 

serve  as  a  distinguishability  index.  These  parameters 
describe  relative  “fall”  depth  in  the  midpoints 
=  (a, +a2)/2  between  maximum  S{a)  or 
Pm  “(jPi  +P2)(2  between  values  S{a.)  in  the  points 
a  =  p,  (/  1,2) .  “Threshold”  of  the  resolution,  as  usu¬ 
ally,  is  set  at  the  level  7,7,  >  1 . 

“Limiting”  resolution  capabilities  correspond  to  hypo¬ 
thetical  case  of  the  exactly  known  CM  (2).  In  this 
case  requirements  to  SNR  q(A)  necessary  for  overcom¬ 
ing  tliese  are  minimum.  It  is  possible  to  show  [15,17], 
that  for  the  methods  (21)-(24)  they  are  bounded  by 
curves  (Fig.  2)  for  the  “worse”  Capon  method  (21) 
(curves  1,2,3)  and  for  “better”  one  -  MCA  (23)  (curves 
4,5,6)  at  Y  =  1  (curves  1,4)  and  y  =  2  (curves  2,5). 
Curves  3,6  cliaracterize  limits  of  q  =  qi  at  which  sec- 
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ond  derivatives  d‘^S{a)/da‘^  of  corresponding  SF  S(d) 
equals  zero  in  point  a  =  a,„ . 

These  SF  have  one  maximum  at  and  sources 

are  not  resolved  [12],  They  start  resolving  if  angular 
space  between  tiiem  is  not  less,  than  [15,17,18] 

^_|a^S1.17/^  for  Capon’s  method  (21), 

~  [a^  ^0.95/^Jq  for  MCA  (23). 


From  comparison  of  (26)  with  (15),  (16)  (Fig.  1  with 
Fig.  2)  it  follows  that  when  using  the  Rayleigh  crite¬ 
rion,  the  requirements  to  the  energetics  of  resolved 
signals  at  small  A  <  0.1  increase  by  10  to  20  and  more 
dB. 

6.  Under  real  conditions  of  a  priori  unknown  CM  O 
and  of  the  use  in  the  equations  (21)-(24)  of  random 
matrix-estimates  ®  instead  of  this  unknown  CM,  the 
corresponding  SF  S{a)  are  also  random,  as  well  as  the 
parameters  y  (25);  so,  tlie  potential  (Fig.l)  and  "lim¬ 
iting"  (Fig.2)  resolving  characteristics  are  ensured  only 
to  certain  probability  that  considers  to  be  the  most  im¬ 
portant  characteristic  of  effectiveness.  But  analytical 
determination  of  this  probability  faces  with  rather  great 
mathematical  difficulties  that  have  been  overcome  only 
partially.  Below,  some  recent  exact  results  are  shown 
[17-20]  in  respect  to  practically  most  interesting  cases 
when  as  the  matrix  ®  the  following  estimates  have 
been  used: 

O  =  A-' A ,  A  -  YY'  -  X  Y,Y;  ,  a  S  M  ,  (27a) 

6  =  A^'B ,  B  =  (a  +  Ar )/2 ,  A  S  (a/  -I- 1)/2  ,  (27b) 

These  estimates  have  been  formed  on  the  basis  of  the 
A-dimensional  sampling  of  the  teaching  vectors  Y,  with 
the  properties  defined  by  (1).  In  this  case  the  equation 


(27a)  is  maximum  likelihood  (ML)  estimation  of  gen¬ 
eral  type  CM,  and  joint  density  thereof  elements  can  be 
described  by  the  Wishart  complex  di.stribution  [14].  In 
the  equation  (27b)  At  denotes  the  matrix  obtained  from 
the  matrix  A  by  "turning-over"  with  regard  to  its  sec¬ 
ondary'  diagonal,  and  tlie  estimation  (27b)  is,  in  gen¬ 
eral,  the  ML  estimation  of  persymmetry  CM  that  are 
typical  in  the  wide  range  of  centrosymmetrical  AA. 
Joint  density  of  its  elements  has  been  obtained  in  [20]. 

7.  The  random  value  normalized  to  its  true  one 

v  =  N-S{a)/S{a)  (28) 

for  SF  S{a)^S^^{a)  (21)  of  the  Capon  method  has 
the  Erlang  distribution  Pv(a1)  of  (7)  type  in  dependent 
on  a,  but  with  the  following  parameters  of  the  form: 
N-M  +  l  and  A-(A/  +  i)/2  +  1  for  the  estimations 

(27a)  and  (27b),  respectively  (for  the  estimation  (27a) 
this  result  has  been  obtained  in  [14]).  From  this  it  fol¬ 
lows  that,  if  it  was  possible  to  determine  the  “difficult 
to  obtain”  (see  item  3)  tlireshold  (B(a)  (5),  the  Capon 
method,  even  at  the  size  of  the  teaching  sampling 

N  =  K+M-l  or  A  =  A:  +  (M+1)/2-1  (29) 


in  the  estimations  (27a)  or  (27b),  would  have  ensured 
the  same  parameters  of  resolution-detection  (15)  and 
(16)  (sec  Fig.  1)  as  the  optimal  processing  (4)  and  (5) 
of  a  A-dimensional  sampling  (1)  under  conditions  of 
full  a  priori  detenninacy  (see  item  2).  For  the  other 
methods,  tliese  parameters  can  be  obtained  at  much 
greater  requirements  to  the  size  (1-2  orders  more)  of 
the  teaching  sampling  A. 

As  compared  to  SA  methods  based  on  Rayleigh's  crite¬ 
rion,  tliis  advantage  of  the  Capon  method  is  not  essen¬ 
tial  for  selection  of  a  spectral  estimation  method.  In  this 
case  the  selection  should  be  based  on  the  statistical 
characteristics  of  the  random  parameters  y  (25)  or, 
equivalently,  on  their  standardized  values 

v^y/y.  (30) 


For  the  Capon  method,  the  distribution  density  p„(x) 
of  this  parameter  is  described  by  tlie  following  equation 
[18]: 


,,  |,y. 


,(31) 


where  A(z)  is  the  gamma-function  that  is  equal  to  (z-1)! 
for  tlie  integer  variable  z>l;  the  quantity 

,  =  X-(a,)yx(a,)  ^32) 

(x'(a,)TX(a, ).  X*(a,)'FX(a,))^ 

is  a  generalized  coefficient  of  tlie  spatial  correlation  of 
radiations  from  the  directions  ai  and  a2,  tliat  is 
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5  =  A^-A/  or  5  =  A^-(A/  +  1)/2  (33) 

for  the  estimations  (27a)  and  (27b)  respectively. 

It  can  be  shown  that  at  any  values  of  [r|  <  1  and  5  >  0 
the  distribution  median  of  the  function  (31)  is  the  point 
X(|  =  1 ,  That  is  why  the  random  parameter  y  with  the 
probability  P  =  0.5  is  not  less  than  y  Uiat  corresponds  to 
the  precise  CM,  and  consequently,  the  curves  1,  2,  3  on 
the  Fig.  2  describe  not  only  "limiting"  (see  item  5)  but 
also  the  actual  resolution  of  the  two  sources  of  equal 
power  that  is  ensured  by  the  Capon  method  on  the  basis 
of  the  estimations  (27),  at  any  5  >  0  with  tlie  probabil¬ 
ity  P=  0.5. 

For  the  other  methods  similar  analogous  accurate  re¬ 
sults  are  not  known.  In  relation  to  tliis,  Fig.  3  shows  the 
experimental  [19]  plot  of  5  versus  the  probability 
P(y  ^  y)  of  that  Uie  random  parameter  y  (25),  is  not 
less  than  the  threshold  yg  =  y^i^  «  2  of  the  Capon 
method  for  the  exactly  known  CM.  As  it  comes  out 
from  the  theory  [17,  18],  for  the  method  (21)  itself  this 
probability  equals  to  0.5  already  at  6=^0,  and  at  5 
increasing  does  not  change.  As  for  this  parameter,  the 
methods  (22)-(24),  having  substantially  higher  "limit¬ 
ing"  (at  5->oo])  resolution,  are  close  to  the  Capon 
method  or  even  worse.  From  tliis  it  follows  that,  if  the 
size  TV  of  a  teaching  sampling  is  changed,  it  may  be 
necessary  to  transfer  from  one  method  to  another,  or  to 
their  combination.  Such  a  possibility  should  be  envis¬ 
aged  at  substantiation  of  the  means  of  practical  imple¬ 
mentation  of  "superresolution"  spectral  estimation 
methods. 


8.  The  most  promising  way  for  the  solution  to  these 
problems  is  the  use  of  adaptive  lattice  filters  (ALF)  [1- 
4,  19,  21-24].  They  enable  to  uniformly  implement  the 
methods  (21)-(24),  as  well  as  a  number  of  their  varie¬ 


ties  with  practically  useful  properties  [17,  19].  In  this 
case,  going  from  one  method  to  the  other  as  well  as 
their  combining  is  enabled  by  a  mere  re-commutation 
of  tlie  output  signals  at  the  ALF,  but  do  not  affect  nei- 
tlier  tlicir  internal  structure  nor  the  adaptation  algo- 
rithjus.  The  latter  can  be  easily  redesigned  to  take  into 
consideration  possible  a  priori  information  about  the 
specificity  of  tlie  AA,  have  liigh  digital  stability,  and 
assure  wide  possibilities  for  re-distribution  of  time  and 
hardware  expenses  [22-24].  It  is  also  essential  that, 
based  on  this,  there  can  be  formed  adaptive  systems 
sohdng  not  only  the  above  discussed  problems  but  also 
a  wide  range  of  the  problems  related  to  spatial-temporal 
processing  of  signals  against  a  background  of  interfer¬ 
ence  in  radar  sj'stems  utilising  AA. 
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A  PC  BASED  PROGRAM  PACKAGE  FARFOR-99: 
IMPROVING  OUR  UNDERSTANDING  OF  RADIATION 
FROM  APERTURE  ANTENNAS  AND  ANTENNA  ARRAYS 


D.  M.  Sazonov 

Moscow  Power  Engineering  Institute,  Krasnokasannennaja  14, 
111250,  Moscow,  Russia.  Email:  dsazonov@postman.ru 


INTRODUCTION 

Program  package  FARFOR-99  may  be  used  as  a  pow¬ 
erful  teaching  tool  in  addition  to  the  well-knowm  an¬ 
tenna  textbook  [1]  for  technical  university  students  and 
engineers.  A  very  simple,  universal  and  powerful  model 
for  wide  class  of  antenna  arrays,  reflectors,  lenses  or 
hybrid  antennas  is  presented.  Both  s>'mmetrical  and 
offset  geometiy  are  available.  The  feed  arrays  of  hybrid 
antennas  may  have  up  to  few  hundreds  independently 
placed  and  excited  elements.  The  model  has  been  real¬ 
ized  in  the  program  package  FARFOR-99  for  IBM- 
compatible  personal  computers.  The  advantages  of  tlie 
model  have  provided  more  than  order  decreasing  in 
computation  time,  and  program  packages  users  can 
easily  analyze  and  synthesize  multi-element  arrays, 
reflector  and  hybrid  antennas  practically  in  real-time 
mode.  Using  FARFOR-99  you  can  also  reconstruct  the 
antenna's  far  field  from  their  near  field  measurements 
on  planar  surface.  Advanced  system  of  input  and  output 
design  information,  visual  representation  and  program 
interface  to  popular  graphic  package  SURPHER  pro¬ 
vide  comfortable  conditions  for  user-PC  dialog.  This 
report  is  accompanied  by  the  demonstration  of  action 
FARFOR-99  tools  in  real  time  mode. 

GENERAL  CONSIDERATION 

The  design  of  modem  Earth  or  board  antenna  systems 
for  communication  systems  or  radar  is  always  con¬ 
nected  with  a  large  amount  of  pattern  and  secondaiy 
parameters  computations.  We  carry  to  secondary  pa¬ 
rameters  main  beamwidth,  directivity,  gain,  sidelobes, 
cross-polarization  levels,  etc.  This  computation  is  one 
of  the  most  difficult  and  computer  time  consuming  for 
electrically  large  reflector  antennas  and  multi-element 
antenna  arrays.  So  the  problem  of  their  computation 
optimization  is  serious  and  actual.  The  optimal  strategy 
in  fast  computation  of  radiated  fields  is  based  on  two 
principles.  First  principle  is  a  decreasing  of  value  of 
data,  taking  part  in  computation,  to  the  low  possible 
minimum.  And,  second  principle  is  an  increasing  of  the 
speed  of  computation  by  means  of  using  the  modem 
digital  processing  methods  (Sazonov  D.,  Sazonov  M., 
[2]).  The  realization  of  such  strategy  was  succeeded  by 
the  following  tenets: 


1.  According  to  the  limited  spectmm  function  theoiy, 
the  radiation  field  of  tlie  antenna  is  expressed  as  a 
series  of  its  seldom  complex  samples.  All  interme¬ 
diate  field  point  values  are  the  finite  sums  of 
Kotelnikov-Shannon  series  (with  minimal  number 
of  coefficients).  Thus,  the  only  small  part  of  pattern 
complex  samples  (about  20  %)  is  necessary  for 
adequate  field  pattern  presentation  (Bucci  and 
Franceschetti  [3]).  The  other  intermediate  samples 
must  bora  from  this  small  part  by  means  of  fast 
interpolation  procedures. 

2.  For  fast  computation  of  radiation  field  samples,  the 
well-known  aperture  method  was  chosen.  Accord¬ 
ing  to  tliis  method,  radiated  field  is  the  two- 
dimensional  Fourier  transform  from  the  amplitude- 
phase  distribution  the  near  (or  equivalent)  electro¬ 
magnetic  tangential  field  on  planar  surface.  The 
position  of  aperture  may  be  arbitrarily  chosen  near 
or  on  the  real  radiating  surface. 

3.  For  reflector,  lens  or  hybrid  antennas,  tlie  equiva¬ 
lent  aperture  distribution  is  found  by  applying  a 
special  method  (a  so-called  "arranged  ray  tracing", 
Sazonov  [4]).  This  method  defines  aperture  field 
samples,  which  are  lying  in  the  nodes  of  prescribed 
grid.  This  grid  is  well  matched  with  requirements 
of  algorithm  of  computation  the  two-dimensional 
Fourier  transfonn.  Thus,  continuous  reflecting  or 
radiating  surface  is  modeled  by  hypothetical  an¬ 
tenna  array,  having  minimum  of  elements.  Aper¬ 
ture  blockage,  causing  by  feed  and  supporting 
struts,  is  automatically  taking  into  account  by 
means  of  the  appropriate  algorithm. 

4.  After  the  set  of  fundamental  complex  samples  of 
radiated  field  have  been  found  by  means  of  two- 
dimensional  discrete  Fourier  transfonn  with  small 
dimensions.  Other  samples  are  constructed  by 
means  of  Fourier  interpolation  technique  [5]  that  is 
well  known  in  digital  signal  processing.  This  tech¬ 
nique  replaces  slow  operations  of  summing  and 
multiplying  in  Kotelnikov-Shannon  series  compu¬ 
tation  by  fast  convolution  operations. 

For  computation  both  of  two-  and  one-dimensional 
Fourier  transforms  the  original  algorithm  of  fast  Fou¬ 
rier  transform  (FFT)  is  presented  (Sazonov  D.  and 
Sazonov  M.  [2]).  This  is  an  inplace  subroutine,  which 
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runs  more  rapidly  than  traditional  FFT -algorithms  and 
gives  additional  advantages  in  the  choosing  of  length  of 
transform  in  one  or  both  dimensions.  The  transform 
length  is  determined  by  product  of  several  (up  to  five) 
mutually  simple  prime  factors  from  prescribed  set  (2,  3, 
4,  5,  7,  8,  9,  11  or  16). 

PROGRAM  PACKAGE  SUMMARY 

Now  we  have  the  common  program  packages  FAR- 
FOR-99  for  IBM-compatible  personal  computers  under 
MS-DOS: 

•  Title:  FARFOR-99,  author;  D.M.  Sazonov 

•  Computer:  IBM  PC  /  AT,  operation  memory  size; 
640  kB 

•  Electron  disk  memory  size:  6  MB 

•  Operation  system:  MS  DOS  6.22 

•  Programming  language;  FORTRAN  77,  Mac- 
roASSEMBLER 

•  Peripheral  used:  EGAA^GA  monitor,  dot/laser 
printer 

•  Package  value:  one  1.44  MB  3,50"  diskette  (in¬ 
clude  MS-DOS  6.22  files  and  EXE-files  in  ar¬ 
chives). 

This  package  serves  for  the  aim  of  analysis  and  synthe¬ 
sis  of  the  following  antenna  sj  stcms: 


•  Planar  antenna  arrays  with  rectangular  or  hex¬ 
agonal  grid  of  element's  displacement  in  aperture. 
The  aperture  may  have  polygon  contour  (Fig.  1). 


Fig.  1 


Any  possible  type  of  element  excitation  (including  that 
obtained  from  near-field  measurements)  is  permitted. 
The  elements  may  be  the  following:  dipoles  under 
screen,  slots,  rectangular  or  circular  horns,  endfire 
radiators,  microstrip  elements  and  other  elements.  It  is 
possible  to  use  model  elements  with  prescribed  radia¬ 
tion  pattern  and  polarization 


•  Single-  or  multi-panel  mirror  reflector  anten¬ 
nas.  The  antenna  may  have  mirrors  of  any  shape  of 
second-order  curve  profiles  (such  as  parabola,  el¬ 
lipse,  etc.)  and  feed  system  with  any  possible  ra¬ 
diation  pattern  and  polarization  performance.  The 
position  and  orientation  of  feed  sj'stem  may  be 
varied  by  the  user.  We  can  analyze  a  variety  of  ap¬ 
erture  forms  (circle,  polygon,  and  ellipse)  types. 
We  can  also  to  see  on  display  the  ray  tracing  in 
vertical  plane.  This  gives  the  possibility  to  correct 
some  input  geometric  parameters  in  necessaiy 
cases. 

•  Hybrid  reflector  antennas  with  feed  arrays,  hav¬ 
ing  up  to  few  hundreds  elements  of  any  type,  dis¬ 
placement  and  excitation.  There  is  the  beautiful 
possibility  to  synthesize  the  antennas  with  con¬ 
toured  beams.  It  is  possible  to  choose  any  one  of 
two  calculation  modes  in  the  program  during  the 
analysis  or  synthesis  process:  with  prior  summa¬ 
rizing  of  amplitude-phase  distributions  on  the  feed 
array,  or  with  prior  summing  of  partial  pattern 
from  each  of  the  feed  array  elements. 

•  Through-type  and  reflect-type  holographic  an¬ 
tennas  with  plane  transparencies.  The  FARFOR- 
99  can  analyze  and  automatically  synthesize  an¬ 
tennas  of  such  kinds. 

For  all  of  these  antenna  classes,  the  program  package 
FARFOR-99  gives  opportunities  of  studying  the  influ¬ 
ence  of  random  errors  various  kind  in  antenna  geome¬ 
try  and  excitation  on  the  antenna  performance. 

Antenna  synthesis  may  be  fulfilled  by  means  of  FAR¬ 
FOR-99  by  the  user  in  interactive  mode  in  the  direction 
of  intuition  optimization.  The  convenient  system  of 
screen  menu  for  data  input/output  with  graphical  and 
tabular  representation  of  computation  results  has  been 
created  for  these  purposes.  The  initial  data  values  may 
be  taken  for  next  optimization  from  more  simple  inter¬ 
nal  models,  which  were  summarized  from  known  an¬ 
tenna  design  experiences  (like  in  expert  systems). 

It  is  possible  in  FARFOR-99  run  mode  to  see  the  cal¬ 
culated  antenna  patterns  (both  co-  and  cross-polarized 
components)  as  a  graph,  or  as  a  topographical  map  or 
as  a  surface  view  representation. 

The  excellent  elaboration  of  all  stages  of  computation 
algorithm  made  the  cardinal  computer  time  reducing 
possible.  Practically  we  have  the  full  absence  of  results 
waiting.  The  typical  computational  time  per  one  an¬ 
tenna  configuration  prediction  is  no  more  than  20-40 
sec  for  IBM  486  DX-2  or  Pentium  100  MHz  computer. 

The  modular  architecture  of  FARFOR-99  tools  easily 
allows  modification  and  adaptation  for  many  other 
antennas  analysis/synthesis  problems.  This  report  is 
accompanied  by  the  demonstration  of  action  FARFOR- 
99  packages. 
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The  problems  of  design  of  signal  aperture  processing  systems  in  adaptive  antenna  arrays  (AAA)  providing  a  receiving 

of  wide-band  signals  at  the  background  of  multiple  high-intensity  jamming  are  considered. 

It  is  shown  that  the  basic  approach  to  solve  such  problems  is  to  combine  the  use  of  analog  devices  constructed  with  the 
aid  of  modem  low-noise  broad-band  technologies  of  microwave  and  digital  systems  of  signal  processing 

and  information  storage.  .  , 

The  comparative  analysis  of  variants  of  combined  s>’stems  of  aperture  processing  by  the  criterion  of  approximating 
their  characteristics  to  the  Wiener  filter  algorithm  in  a  wide  dynamic  range  of  input  signals  and  coordination 
of  adaptation  process  with  the  rate  of  data  arriving,  updating  and  processing  is  carried  out. 


INTRODUCTION 

For  the  last  forty  years  the  works  on  the  theoiy  develop¬ 
ment  and  practical  application  of  adaptive  arrays  and 
antennas  have  been  going  on  [1-3,  6].  Optimal  proc¬ 
essing  of  signals  at  the  background  of  a  stationary  noise 
produced  by  non-correlated  point  sources  of  active 
interference  with  the  accuracy  up  to  a  scale  factor  cor¬ 
responds  to  a  multichannel  weight  processing  accord¬ 
ing  to  the  Wiener  filter  algorithm: 

W  =  aR“*-So,  (1) 


where  W  is  the  weight  factor  vector;  So  is  the  space 
vector  of  a  desired  signal  in  the  antenna  aperture  pro¬ 
viding  the  main  beam  formation;  R’’  is  the  reciprocal 
correlation  matrix  of  interference  and  internal  noise 
received  in  N  receiving  channels. 

Signal  weight  summation  at  N  >  M  (where  M  is  the 
number  of  interference  sources)  (1)  maximizes  the 
signal/  interference  plus  noise  ratio  (SNIR)  minimizing 
the  signal  loss  in  the  main  beam  and  forming  receiving 
zeros  in  the  directions  to  the  interference  sources  by  die 
coherent  compensation  of  their  signals. 

qo  =So-W  =  So-R"’So.  (2) 

For  AAA  with  identical  channels  the  moduli  of  the 
complex  coefficients  of  the  interchannel  correlation 
outside  the  main  diagonal  R"'  depends  on  the  total 
interference  power/noisc  ratio  and  can  be  obtained  like 
follows: 


P  =  |p|  =  £hi  /£hi+l,  hj 


Pi 


2  ’ 


(3) 


i=l 


i=l 


where  cr/,cr„^  are  the  variances  of  the  interference 
and  noise,  respectively. 


For  a  quantitative  estimation  of  the  weight  summation 
results  we  use  the  methods  of  reducing  Hermitian  ma¬ 
trices  to  the  diagonal  form  through  non-multiple  eigen¬ 
values  and  projection  matrices  [1,  2], 


m+l 

R^;^XiPi;P,-Pk  = 

i=] 


1  i  =  k, 
|0  i?!^k; 


m+l 


;f(R)=X;f(^i)Pi’ 


i=I 


Xi  ^  2.7... kp 


^m+1 


=  2., 


m+2 


N. 


(4) 


N 

]^2,i=N,  m  +  l  =  |J... 

i=i 

Thus,  the  relation  (2)  is  transformed  to  the  following 
form: 


(5) 


From  (4)  and  (5)  it  follows  that  if  m  =  1  and  the  array 
main  beam  position  S(A)  is  changed  the  value  qo  can 
vary  over  a  wide  range  from 

N  N 

qOmax  to  qonUn  +  ~  ’ 


at  Raleigh  resolution  of  m  (N>m)  sources  of  equal 
power 

N 

Qomin  “i_p  +  Np/m~"^’ 

and,  therefore,  a  potential  gain  of  aperture  processing 
varies  over  a  range  of 

QOmax  _  tq 

qomin  m0-p)‘ 


From  (6)  it  follows  that  the  efficiency  of  broadband 
multiple  interference  aperture  processing  depends  on 
receiving  channel  characteristic  identity  (2,n(1  -  p) 
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determines  limiting  opportunities  of  the  coherent  com¬ 
pensation)  as  well  as  on  receiving  channel  redundancy 
in  relation  to  the  number  of  interference  sources. 

The  degree  of  the  modulus  of  the  correlation  coefficient 
approximation  in  real  receiving  channels,  including 
anay  excites,  to  (3)  is  criterion  of  integral  estimation  of 
adaptation  algorithm  efficiency  and  technological  per¬ 
fection  of  processing  equipment. 

TO  THE  SELECTION  OF  AAA  ADAPTATION 
METHOD  FOR  MICROWAVE  SIGNAL 
PROCESSING 

The  quality  of  aperture  processing  is  defined  by  the 
accuracy  of  setting  the  amplitude-phase  distribution 
(APD)  reduced  to  tlie  antenna  aperture.  At  the  same 
time,  the  most  of  the  known  adaptation  methods  and 
devices  provide  weight  summation  at  intermediate 
frequency  or  in  digital  processors  after  analog-to-digital 
conversion  of  signals  at  tlie  outputs  of  multistage  re¬ 
ceivers  [2],  In  evaluating  channel  identity  it  is  neces¬ 
sary  to  account  both  external  and  internal  statistics  of 
the  antenna  system.  The  identity  difficulties  increase 
with  strengthening  the  requirements  to  a  dynamic 
range  of  input  signals  and  their  relative  broadbandness 
Afs/fo.  As  applied  to  the  use  of  digital  methods  it  takes 
the  form  of  the  capacity  of  representing  signals  in  the 
digital  form  and  digital  processor  rapidity. 

Besides,  it  is  necessary  to  take  into  account  additional 
quantization  noise,  which  unlike  internal  noise  cannot 
be  considered  as  non-correlated  one.  It  influences  both 
the  value  of  SNR  and  the  accuracy  of  the  weight  vector 
calculation. 

To  estimate  the  gain  in  (6)  it  is  necessary  to  take  into 
account  that  an  equivalent  value  of  correlation  coeffi¬ 
cient  modulus  decreases  due  to  non-identities  of  non- 
linearities  of  the  amplitude  (pss),  amplitude-phase  and 
phase-frequency  (pA(a,(p))  responses  of  receiving  chan¬ 
nels,  differences  of  signal  interchannel  delay  R"‘  up  to 
weight  summator  ( p^, ).  Besides,  errors  in  estimates  of 

the  reciprocal  correlation  matrix  R"'  or  the  weight 
vector  W  in  (1)  also  result  in  reduction  of  p  propor¬ 
tional  to  pAw  ■  Thus, 


R  and  W  while  processing  we  can  use  the  following 
relations  for  SNTR  at  the  processor  output  [6,9]. 


q(0): 


(SqR 


■‘Sq)' 


_  (SqW)" 

S©R"’rR"^S0  w*rw 


(9) 


or,  in  accordance  with  (4) 


It  is  obvious  that  the  relation  q/qo  defines  the  total 
losses  of  processing. 


K,(©)  =  -3-<i. 
Qo 


In  the  absence  of  adaptation  R  ->  I  and  SNfR  at  the 
output 

qna(®)  =  -l - •  (11) 

S0RS© 

and  the  relation  q(©)/qna(®)  defines  a  relative  gain 
if  using  non-adaptive  PAA.  Thus,  its  directivity  pattern 
is  determined  by  the  Fourier  transform  for  W(©i ) 

q(©)  =  S(©)W(©i).  (12) 

At  all  variety  of  adaptive  AAA  algorithms  two  basic 
methods  of  the  weight  vector  calculation  are  used: 

•  tlie  method  of  direct  determination  of  the  correla¬ 
tion  matrix  by  signal  samples  at  the  output  of  N- 
channel  receiver  with  subsequent  calculation  of  the 
weight  vector  in  the  digital  form  [1,2,4]; 

•  the  gradient  method  with  N-channel  negative  cor¬ 
relation  feedback  (CNF)  minimizing  the  noise  at 
the  output  and  forming  in  the  stationaiy  mode  the 
vector  of  the  form  [1,  2]: 

w  =  (I  +  PR)"'s«-Lr“^S;  P»1, 

1  +  P  ' 

where  p  is  the  amplification  factor  in  a  feedback  cir¬ 
cuit;  I  is  the  identity  matrix. 


P  P  ■  pK  ■  P(a,(p)  ■  PAx  ■  PAw  P-  (7) 

From  (7)  it  follows  tliat  for  obtaining  potential  gains  of 
the  aperture  optimum  processing  the  operation  of  in¬ 
terference  coherent  compensation  should  be  carried  out 
in  analog  form  in  a  broadband  low-noise  coordinated 
path  at  low  signal  level.  In  this  case 

PAa’  P(a,<p)>  Pax~^<  P~P'PAw  (^) 

For  quantitative  estimates  at  optional  arrangement  of 
interference  sources  and  using  the  estimated  values  of 


Both  the  direct  and  gradient  methods  require  much 
time  for  estimates  of  weight  vector  and  large  ampli¬ 
tudes  of  signals  even  if  at  one  of  correlator  inputs.  The 
direct  method  is  practically  non-realized  at  N>2  when 
using  analog  technologies,  while  the  gradient  methods 
admit  both  analog  and  digital  realizations  [6]. 

The  advantage  of  the  direct  method  is  the  opportunity 
of  producing  optimum  amplitude-phase  distributions  in 
AAA  aperture  for  signal  receiving  from  any  direction 
in  a  scanning  sector.  However,  they  do  not  work  in  the 
real  time.  The  period  of  data  updating  affects  essen- 
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tially  the  errors  of  the  weight  vector  calculation,  which 
depend  on  the  time  of  interference  stationarity  and 
reduce  p^w  I"  practical  application  of  direct 
methods  it  is  necessaiy  to  take  into  account  substantial 
computational  expenses,  which  increase  multiply  with 
the  number  of  channels. 

The  process  of  adaptation  in  gradient  methods  goes  in 
real  time  and  provides  high  calculation  accuracy  of  the 
weight  vector,  though  for  one  direction  only;  the  speed 
of  space  scanning  is  limited  by  transients  in  a  mul- 
ticharmel  system  with  CNF.  Besides,  in  the  digital 
calculation  of  the  weight  vector  and  coherent  weight 
summation  the  broadbandness  is  limited  by  the  rapidity 
of  digital  elements.  Therefore,  in  weight  summation  of 
analog  signals  at  microwaves  it  is  proposed  to  search 
reasonable  trade  off  in  combinations  of  direct  and  gra¬ 
dient  methods,  optimizing  there  contribution  to  the 
accuracy  of  the  weight  vector  calculation  (Paw  ->  1)- 
stabilization  and  reduction  of  transient  time  by  the 
long-duration  storage  and  updating  information  on 

R”*  or  W(0i)  for  the  preadaptation  and  fast  correc¬ 
tion  of  the  weight  vector  for  the  direction  of  a  useful 
signal  arrival  S(©i). 

The  fiilfillmcnt  of  the  listed  conditions  results  in  AAA 
structure  which,  to  our  mind,  is  versatile  for  a  variety  of 
applications  and  is  given  in  Fig.  1. 


s 


Fig.  1.  Structural  scheme  of  microwave 
weighting  AAA  signal  processing 


In  the  circuit  of  a  linear  AAA  from  the  outputs  of  N- 
channel  low-noise  amplifier  (LNA)  with  a  pre-selector 
limiting  a  processing  band,  the  low-level  signals  are 
applied  to  a  weight  summator.  Through  N-channel 
amplificrs-converters  with  ANGC  the  same  signals  are 
applied  to  multipliers  of  multichannel  correlators  of 
two  processors:  of  direct  calculation  of  interference 
matrix  and  gradient  one. 

Their  dimensions  arc  shown  on  llie  vector  signal  ar¬ 
rows.  The  vector  sum  of  the  weight  vector  estimates  of 


two  processors  Wj  and  Wg  providing  more  accurate 

amplitude-phase  distribution  Wf©,)  corrected  by  the 
gradient  processor  in  the  real  time  is  applied  to  the 
weight  summator  control  inputs. 

Thus,  the  discrepancies  of  calculating  the  weight  vector 
Wj,(0j)  appearing  due  to  finite  time  of  action  and 
non-stationarity  of  interference  are  removed  and  the 
equalization  of  levels  of  various  intensity  interference 
provides  a  essential  reduction  of  the  transient  time  in  a 
multichannel  processor  with  CNF  (Fig.  2). 


Fig.  2.  Experimental  patterns  of  8-channel  AAA. 
(A-linear  AA,  B-SMI-method,  C-SMI+LMS  method) 


It  should  be  noted  that  when  constructing  multichannel 
adaptive  PAA  with  relative  broadbandness  up  to  10% 
of  is  the  redundancy  of  the  number  of  summing  chan¬ 
nels  has  to  be  not  less  than  2-3.  Gradient  processor 
stability  in  a  dynamic  range  is  of  special  difficulty  here. 
Its  digital  realization  can  require  clock  frequency  of 
ADC  (analog-to-digital  converter)  up  to  0.5...  1  GHz  or 
division  of  total  bandwidth  into  subchannels.  The  de¬ 
sign  of  precision  weight  multipliers  with  low  noise  in 
various  microwave  ranges  is  not  of  less  difficulty.  How¬ 
ever,  the  use  of  modem  microwave  technologies  en¬ 
ables  not  only  to  solve  tliese  problems  but  also  provide 
the  construction  of  steady-state  analog  multichannel 
gradient  processors  with  the  weight  vector  calculation 
at  high  frequency.  It  can  be  achieved  by  using  the  prop¬ 
erties  of  coherent  parametric  circuits  with  correlation 
feedback  at  non-linear  reactances  in  adaptive  antenna 
arrays. 

APPLICATION  OF  GRADIENT  PARAMETRIC 
PROCESSORS 

The  block-diagram  of  parametric  processor  for  coherent 
weight  summation  is  shown  in  Fig.  3. 

The  basis  of  each  adaptation  channel  is  a  parametric 
non-regenerative  converter  (Fig.  4).  At  one  of  the  com¬ 
bination  frequencies  of  converter  (coo)  a  narrowband 
integrating  filter  is  connected.  It  provides  a  parametric 
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connection  only  between  correlated  components  of 
exciting  signals  in  channels  and  the  sum  of  signals, 
converted  to  the  frequency  of  summation  filter  (coj;) 
with  the  aid  of  the  reference  signal  vector  components 
at  the  frequency  (coo)-  Under  the  condition  of  smallness 
of  the  signals  at  the  frequencies  ©o  and  ©£, 

Uj*  »|U{)[  and  oscillations,  propor¬ 

tional  to  interchannel  correlation  coefficients,  i.e.  the 
weight  vector  components,  are  excited  in  the  narrow- 
band  filter.  Inverse  conversion  of  these  oscillations 
through  a  modulated  reactance  provides  a  closure  of 
negative  correlation  feedback  and  interference  coherent 
compensation  in  the  filter  F  with  the  voltage  differing 
from  the  initial  oscillation  by  a  factor  of  (1  -  Pp/(l+p)). 


Fig.  3.  Structural  scheme  of  AAA  with  the  adaptive 
parametric  microwave  processor 


Fig.  4.  Frequency  diagram  of  the  parametrical 
converter  with  a  negative  CFB 


Non-linear  capacities  of  parametric  diodes  (Fig.  3)  are 
modulated  by  a  signal  set  at  the  carrier  frequency  re¬ 
ceived  by  the  array  elements  and  amplified  by  a  low- 
noise  amplifier  with  AGCN  to  a  desired  level 

m 

Us®  =£Uske-’‘^-^’"'^+U,„,  (13) 

k=l 

which  can  be  represented  as  the  sum  of  correlated  and 
non-correlated  components 


Us®  =U,/'>+U32®.  (14) 

Assuming  that  interference  sources  radiate  Gaussian 
signals  we  suppose: 

Usi*U32=0 


(15) 


Correlation  feedback  availability  enables  to  represent 
the  ith  non-linear  capacity  of  the  circuit  in  terms  of  a 
superposition  of  a  constant  component  and  two  variable 

components  Ui2®-aUs2^'\ 

where  a  is  the  slope  of  varicap  capacity  change. 

In  this  case  the  analysis  of  gradient  processor  charac¬ 
teristics  reduces  to  the  analysis  of  the  linear  multiport 
properties  (Fig.  5). 


Fig.  5.  Equvalent  APR  circuit 


The  scattering  matrix  Ss  and  the  transfer  operator  T 
accounting  for  a  multichannel  circuit  linearity  (coher¬ 
entness)  can  be  obtained  through  its  reciprocal  nor¬ 
malized  matrix  of  conductances  Yq: 

S3=I-2q'Yo-V, 

1  Ikll 

T  =  I-S=2q'Yo-V  =  2iiUTi'. 

|Yo| 

Here,  r]',  -q''  are  the  diagonal  matrices  of  conductances 
raised  to  tlie  power  1/2  correcting  for  the  losses  in  pas¬ 
sive  circuits  of  reference  signal  sources  at  the  frequency 

©0  and  the  load  frequency  wj;  ||ajj||  is  the  matrix  con¬ 
sisting  of  algebraic  complements  of  transposed  matrix 
Yq,  |Yo|-is  the  matrix  Yg  detenninant,  I  -is  the  iden¬ 
tity  matrix. 

The  matrix  Yq  in  Fig.  6  relates  the  correlated  and  non- 
correlated  signal  components  in  receiving  channels  and 
signals  of  reference  signal  and  load  ©^ . 
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Fig.  6,  Normalised  matrix  of  conductances 


Since  tlic  coupling  between  frequency  components 
through  a  narrow-band  filter-integrator  is  possible  only 
for  correlated  components,  the  normalized  conductance 
matrix  consists  of  four  block  matrices;  two  identity 
matrices  at  the  principal  diagonal  (In+i  h  In)  and  cou¬ 
pling  coefficient  matrices  Y,2,  Y21  of  dimensions  N*(N 
+  1)  and  (N  +  1)*N,  respectively. 

If  the  signal  from  a  separated  channel  is  applied  to  the 
general  summator  then  the  total  size  In+i  increases  by 
one  and  becomes  equal  to  (2N+2)*(2N+2).  In  this  case 
the  reference  signal  has  the  fonn  of  So  =  (1,0,0...0)  and 
AAA  operates  as  an  interference  compensator  [6,  7j. 

The  lines  {yn®}N+i  in  Y12  and  the  column  {yiT^'^lN+i  in 
Y21  enable  coherent  summation  of  correlated  signals  at 
the  frequency  coi  and  diagonal  coefficient  matrices  in 
blocks  Yi2  and  Y21  take  into  account  non-coherent 
summation  of  thermal  noise,  which  is  proportional  to 
the  components  of  the  weight  vector. 

The  coefficients  Y12,  Y21  for  the  equivalent  circuit  in 
Fig.  5  have  tire  following  form: 


yii 

yii 


(i)  jw^aUs/'^ 

*(i)  ^  jccipaUs/'^ 
(go*gz)‘'" 


>  yi2 


(')  = 


jK’S«-Us2^'^ 

(go*gi)'^' 


*(>)  _  jg’oO‘-Us2^‘^ 
(g0*gE)’'' 


where  go.gs  are  resonance  conductance  of  summing 
(coe)  and  integrating  filters,  respectively. 

Using  the  rules  of  the  block  matrix  determinant  calcu¬ 
lation  it  is  possible  to  find  the  detenninant,  eigenvalues 
of  matrix  Yq  and  the  transfer  operator  in  a  stationarj' 
mode  providing  for  averaging  in  integrating  filters  for 
identical  channels: 

=  In+iI^N  “'^12'^21  “I^N  +|P'Pijl| 


where 


raep  ■ 


gogi 


Pi,j  "=P*iJ 


g. 


(19) 


i,j  =  l....N, 

I Yp_l2N+l^|  =  |In+i  (1  -  ^)!  *  |In  (1  -  ^)  +  ||P  *  Pij II  =  0. 


(20) 


From  (18,  20)  it  is  seen  that  the  properties  of  tire  mul¬ 
tichannel  parametric  circuit  under  consideration  are 
determined  by  the  correlation  matrix  of  input  signals  at 
tlie  input  and  by  the  feedback  depth.  Normalized  con¬ 
ductance  matrix  Yq  has  N  +  1  multiple  roots  X,  =  1  and, 
therefore,  its  rank  is  determined  by  the  rank  of  the 
correlation  matrix. 


The  transfer  operator  in  a  stationary  mode  to  within  the 
coefficients  1/1 +  P  and  the  losses  in  circuits  of  an 
exciting  signal  source  and  a  load  is  determined  by  the 
estimated  value  of  the  reciprocal  correlation  matrix 


m  , 

T  =  q'R-V  =  £^Ti'Pkq'.  (21) 

k=l 


Here  its  minimum  eigenvalues  is 

V  =  ^n=1-Y^P  (m<N). 


Thus,  under  the  action  of  the  reference  signal  So(©)  for 
reflected  wave  in  a  load  circuit  at  the  frequency  coi 
B=TSo.  The  transfer  coefficient  in  power  in  view  of 

(17),  (19)  and  the  frequency  scale  factor  » 

when  converting  the  reference  signal  Uo  to  the  fre¬ 
quency  C05;  in  parametric  converter,  is  equal  to 


K  ^  B*B  _  1 
^’“P‘  So*So  N  ®p  (l  +  p)2 
r 

m 

.  X^r'SpVPkfi'Sp  . 


k=l 


(22) 


In  the  absence  of  interference  =  1  +  1/P  and 


K  ^ - 

(1  +  P)' 

Tlo-il'r=[ScVPkfi'Sof, 


•fio  •'He 


where 


(23) 


which  corresponds  to  the  coefficient  of  internal  noise 
power  transfer  in  the  N-channels  non-regenerative 
frequency  converter  accounting  for  losses  in  filters. 
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The  relations  (22)  within  to  a  constant  multiplier  coin¬ 
cides  with  the  numerator  of  expression  (10)  and  at 
P  ->•  00  with  tlie  relations  (1),  which  points  to  an  ade¬ 
quacy  of  the  multichannel  parametric  circuit  and  the 
gradient  adaptive  aperture  processing  algorithm. 


For  m  allowable  radiation  sources 


K, 


NP"(1-P) 
m  +  Np^(l-p) 


-p2(l-p) 

m _ 

N  0 

l  +  -p2(l_p) 

m 


(27) 


ESTIMATION  OF  THE  INFLUENCE  OF  THE 
CORRELATION  FEEDBACK  DEPTH  ON  THE 
LOSSES  OF  THE  APERTURE  PROCESSING 


The  losses  in  signal  processing  at  die  output  of  AAA 
(Fig.  3)  at  the  finite  value  of  p  can  be  obtained  from 
(1),  (9)  and  (10); 


K, 


1^0 

■'So 

(So*WlSo, 

^o*R''So) 

m  , 

Z^So*PiSc 

Vk=l 


(24) 


™  i .  it  1 

Vk=l  ^  Ak=l  i 


If  m  =  1  then  (4) 


^l=l-p  +  Np;  X^=l-p- 

-  _l  +  Pi^N. 

’'""irr’ 

So*PiS  =  NF2((p-(Po);  So*PnS  =  N[1-FAcp-cPo)]; 


where  F^(cp-(p(,)  = 


siny(4'o 
Nsin^(\|/o  -mO 


is  the  value  of  the  normalized  pattern  of  AAA  depend¬ 
ing  on  angular  distinctions  in  the  directions  of  the 
signal  and  interference  arriving  and  the  value  of  Kl  is 
equal  to 

[^NFoi'+^ia-Foi^)f 

+^i^^n(1-Pci^)F  (25) 

•T — — n"'- 

[Xj^Fq!  +?ti(l-Foi  )j 
r 

Since  «^i,  = - ;  it  can  be 

'  i-kp 

shown  that  the  value  Kl  is  minimal  (losses  are  maxi¬ 
mal)  at  F^oi  =  0.5,  which  corresponds  to  the  action  of 
tlie  interference  coming  from  the  direction  corre¬ 
sponding  to  the  half-width  of  AAA  pattern.  In  this  case 


K 


Lmin 


Np^(l-p) 
l  +  Np2(l-p)’ 


(26) 


From  (27)  we  can  make  an  important  conclusion  that 
losses  of  the  weight  vector  estimation  because  of  the 
CNF  finite  depth  can  be  compensated  by  tlie  redun¬ 
dancy  of  tlie  number  of  channels  with  respect  to  the 
number  of  interference  sources. 

PROPERTIES  OF  MULTISTAGE  ADAPTIVE 
PARAMETRIC  PROCESSORS 

The  simplicity  of  adaptive  elements  enables  to  construct 
multistage  parametric  processors.  A  block-diagram  of 
such  a  processor  is  shown  in  Fig.  7. 


S 


Uq-cSq 

Fig.  7.  AAA  with  multistage  APP 


The  transfer  operator  of  multistage  APP  can  be  ob¬ 
tained  from  (21) 

T^">  =TiT2.....T„. 

At  identical  stages  T^'’^5^:Tj'’  a  sequential  signal 
decorrelation  occurs  and  the  weighted  noise  appears  in 
the  summator  of  the  first  stage  which  cannot  be  consid¬ 
ered  non-correlated  one  for  subsequent  stades  [9]. 

o  =  fA  I  h^(v,-l)|3^'"‘> 

where  u  is  tlie  APP  stage  number. 

In  view’  of  (28)  the  transfer  operator  of  multistage  APP 
can  be  written  as  follows 

m  II 

Te’)=£fl^AV'^P„q''’.  (29) 

k=l  0=1 
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It  is  seen  from  (29)  that  the  resulting  estimate  of  eigen¬ 
values  is  the  product  of  their  estimates  in  each 

stage  of  the  filter.  In  the  absence  of  correlated  interfer¬ 
ence  it  is  given  by: 


Pj5=0  h  ^k2....n-i  (29a) 


rr  XT  P  .v,'2n  ..„«2n 

K  Ko=N - ;r*Tlo  -^2 

r  r.'i  ^  /I  I  Q\^ 


“0  (1  +  P)' 


Therefore,  the  noise  level  is  determined  by  the  first 
stage  with  the  reference  signal  in  integrating  filters. 

Since  the  estimate  differs  from  X  by  l/P  the 
equivalent  feedback  depth  of  stage  APP  can  be  obtained 
as 

P(")=iAn^")-^n- 


The  nature  of  changing  and  as  functions  of 

the  feedback  depth  and  the  number  of  APP  stages  at  the 
fixed  value  of  is  shown  in  Fig.  8. 


Fig,  8.  Estimates  of  ^  in  the  multistage  APP 


The  important  moment  is  that  at  small  p  =  10...100  the 
use  of  two-stage  processors  approximating  the  estimate 
to  the  potential  one  by  6-8  dB,  is  the  most  effec¬ 
tive.  The  losses  of  3dB  occur  at  P"^  =  X.j,j . 

ADAPTATION  ELEMENTS 
OF  PARAMETRIC  PROCESSORS 

The  adaptation  element  (AE)  in  APP  is  an  electric 
circuit  in  tlic  form  of  a  series  connection  of  the  non¬ 
linear  reactance  and  high-Q  filter.  Possible  variants  of 
AE  circuits  are  shown  in  Fig.  9. 


The  main  task  in  selecting  AE  consists  in  ensuring  the 
CNF  depth,  which  is  obtained  from  (18)  and  can  be 
expressed  through  the  equivalent  filter  Q-factors 
Qo  and  . 


goST 


v/here  a^  is  the  square  of  the  modulation  parameter  of 
AE  non-linear  capacity,  which  is  equal  to 

2 

CoCos ’ 


where  Co,Coj;  are  filter  average  capacities  at  the  fre¬ 
quencies  03  0 ,  CO  ^ ,  respectively. 


Fig.  9.  Adaptive  elements 


Q-factor  Qj;  »10.,.20  is  detennined  by  the  spectrum 
width  of  processed  signals  and  for  existing  varactors  for 
obtaining  p  » 100  it  is  quite  promising  to  use  high-Q 
resonators  at  volume  and  surface  acoustic  waves  (Fig. 
9b).  When  constructing  microwave  AE,  conventional 
filters  with  tunnel-diode  regenerative  amplification 
have  been  effectively  used  (Fig.  9a). 

The  use  of  resonators  based  on  the  superconduction 
phenomena  (Fig.  9c)  makes  it  possible  to  enable  Q- 
factor  up  to  10®- lO’  in  the  microwave  range.  The  film 
superconducting  resonator  having  features  of  the  non¬ 
linear  inductance  and  filter  can  be  used  as  AE  con¬ 
necting  the  filters  at  the  frequencies  cogandcoj;  and 
operates  at  superlow  levels  of  input  signals  [8], 

It  is  also  interesting  to  use  nonlinear  reactances  on 
superconductor-insulator-superconductor  structures  [8]. 

AE  simplicity  enables  to  construct  multi-layered  re¬ 
ceiving  systems  for  multichannal  adaptive  processors 
by  using  modem  microwave  technologies.  As  in  the 
case  of  [5],  tire  dimensions  of  a  receiving  adaptive 
structure  will  not  exceed  the  aperture  ones. 

The  tabulated  results  (Fig.  10)  show  the  possibility  to 
obtain  a  sufficiently  Irigh  accuracy  of  the  weight  vector 
calculation  in  APP  at  the  interference  level  in  each 
channel  up  to  -30  dB.  Here  the  technical  realization  in 
various  frequency  ranges  depends  on  availability  of 
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suitable  nonlinear  reactances  and  possibility  of  techni¬ 
cal  implementation  of  high-Q  filter-integrators. 


Frequency, 

MHz 

CFB 

Number  of 
channels 

Number  of 
stages 

Time  of 
estimations 

Accuracy  of 
estimations 

Type  AE 

Fr 

fs 

P 

N 

n 

^MKC 

B 

64 

17 

47 

50 

2 

1 

20 

5*10-3 

B 

54 

17 

37 

10'' 

2 

3 

10 

5  +  10“’ 

B 

41 

11 

30 

5000 

4 

2 

50 

10'^ 

B 

3000 

90 

2910 

>100 

2 

2-4 

5*10-3 

a,B 

490 

90 

400 

>100 

r  4 

1 

2-4 

4+10-" 

B 

Fig.  10 


CONCLUSIONS 

The  main  advantage  of  the  adaptive  aperture  micro- 
wave  processing  of  space-correlated  interferences  is  the 
possibility  of  achieving  a  high  control  accuracy'  of  APD 
in  AAA  aperture  that  can  provide  a  coherent  compen¬ 
sation  of  a  broadband  interference  practically  up  to  the 
level  of  the  internal  noise  in  a  wide  dynamic  range  of 
input  signals. 

Solution  of  the  interference  coherent  compensation 
problem  and  computation  of  the  optimum  weight  vector 
can  only  be  obtained  when  using  adaptive  parametric 
processors  with  correlated  feedback.  The  developed 
theory  of  coherent  parametric  sj'stems  on  nonlinear 
reactances  allows  reducing  computations  of  processing 
multichaimel  systems  to  the  calculation  of  multichannel 
linear  electric  circuits.  The  use  of  advanced  low-noise 
microwave  technologies,  acoustoelectronic  sj'stems, 
resonant  phenomena  in  solid  body  and  properties  of 
superconducting  structures  opens  the  way  to  creation  of 
simple  adaptation  elements  on  non-linear  supercon¬ 
ductor-insulator-superconductor  reactances  with  the 
level  of  the  excitation  less  than  one  microw’att. 

This  enables  to  develop  a  microwave  technology  of 
adaptive  multichaimel  processors  the  dimensions  of 
w'hich  will  not  exceed  the  aperture  dimensions  at  low 
energj'  consumption. 

Thus,  microwave  gradient  analog  adaptive  processors 
enable  to  provide  a  rational  combination  with  digital 
processors  of  direct  calculation  of  the  weight  vector  and 
a  microwave  control.  Such  a  combination  simplifies  the 
problems  of  the  fast  space  scanning  by  accelerating  the 
transients  of  inertial  gradient  systems  and  increases 
their  stability. 

Experimental  studies  of  adaptive  antenna  models  with 
microwave  processing  point  to  the  necessity  of  further 


work  development  in  this  direction  when  constructing 
adaptive  arrays  in  various  waveranges. 

The  authors  are  grateful  for  help  and  close  many-  years' 
collaboration  when  developing  works  in  this  direction 
to  professors  A.V.  Kobzev,  A.P.  Kondratenko. 
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Abstract:  We  report  here  that,  on  printed-circuit  transmission  lines,  the  space-wave  leaky  mode,  which  radiates 
transmission  power  into  both  surface  wave  and  space  wave,  propagates  independent  of  both  bound  and  surface-wave 
leaky  modes.  The  wavenumber  behavior,  the  vector-field  plots  and  experiments  show  the  evidence  to  this  fact. 


INTRODUCTION 

Under  usual  circumstances  for  printed-circuit  transmis¬ 
sion  lines,  the  guided  dominant  mode  is  purely  bound 
at  lower  frequencies  and  then  becomes  leaky  above 
some  critical  frequency  as  a  surface-wave  form  on  sub¬ 
strate  [1,2].  This  leaky  mode  is  a  slow  wave,  and  we 
call  it  the  surface-wave-leaky  mode  hereafter.  At 
around  the  critical  frequency,  there  exists  the  spectral- 
gap  range  or  simultaneous-propagation  range  according 
to  the  structural  dimensions  of  line  cross  section  [3].  If 
there  is  the  spectral  gap,  it  separates  clearly  the  ranges 
of  both  bound  and  leaky  portions  of  tlie  dominant  mode 
each  other,  while  such  bound  and  leaky'  portions  over¬ 
lap  when  simultaneous-propagation  effect  occurs.  Even 
in  case  of  either,  however,  the  bound-dominant-mode 
portion  appears  only  below  some  critical  frequency  at 
which  tlic  dispersion  curve  for  tlie  dominant  mode 
crosses  the  dispersion  curs'e  for  the  surface  wave  into 
which  tlie  leakage  occurs. 

On  the  other  hand,  it  has  been  shown  tliat  there  exists  a 
new  type  of  leaky  mode,  which  leaks  power  at  low 
frequencies  in  the  forms  of  both  the  surface  wave  on 
substrate  and  the  space  wave  above  substrate.  This 
leaky  mode  is  a  fast  wave,  and  we  call  it  the  space- 
wave  leaky  mode.  Then,  this  mode  is  understood  as  a 
solution  in  the  cutoff  range  of  some  liigher-order  mode 
on  printed-circuit  lines  [4-6],  Then,  a  question  is 
caused.  It  is  whether  such  a  space-wave  leaky  mode  can 
exist  simultaneously  with  the  bound  dominant  mode 
tliat  has  no  cutoff  frequency.  To  our  knowledge,  such  a 
problem  has  not  been  examined  so  far.  The  purpose  of 
tliis  paper  is  provides  the  answer  to  this  question. 

In  tliis  paper,  we  show,  for  the  first  time,  that  the 
space-wave-leaky  mode  can  propagate  independent  of 
the  bound  dominant  mode  at  low  frequencies  even  if  it 
has  no  cutoff  frequency.  Therefore,  there  exists  the 
frequency  range  in  which  both  tlie  space-wave-leaky 
mode  and  the  bound  dominant  mode  can  propagate 
simultaneously.  Furthennore,  we  show  tliat,  when  the 
structural  dimensions  of  line  cross  section  are  changed, 
there  appears  the  frequency  range,  in  which  the  bound 
dominant  mode,  the  space-wave  leaky  mode  and  the 


surface-wave  leaky  mode  propagate  simultaneously.  We 
show  the  numerical  and  experimental  evidences  here 
for  these  important  facts. 


CALCULATION  RESULTS  AND  DISCUSSIONS 

We  consider  here  the  conductor-backed  coplanar  strips 
as  an  example  planar-transmission  line,  of  which  the 
cross-section  is  shown  in  Fig.  1  with  the  structural 
dimensions.  Fig.  2  shows  the  bird-eye  view  of  die  line 
with  the  phase-constant  vectors  and  radiation  angles 
necessary  for  discussions,  where  p,  and  ko  mean  the 
phase  constants  of  the  transmission  mode,  the  surface 
wave  and  the  free-space  wave,  respectively.  The  radia¬ 
tion  condition  into  space  wave  are  given,  in  good  ap¬ 
proximation,  by  ko>  p.  On  the  other  hand,  the  relation 
k,  >  ko  is  always  held,  so  that  the  leakage  condition  into 
surface  wave  A:3>  p  is  always  satisfied. 


Fig.  1.  Cross  sectional  view 
of  the  conductor-backed  coplanar  strips 


To  find  such  a  modal  solution,  we  must  carefully  de¬ 
form  the  integration  path  when  the  spectral-domain 
method  is  applied.  Fig.  3  shows  the  integral  path  used 
in  our  calculations.  This  path  first  nms  along  the  nega¬ 
tive  axis  on  the  proper  sheet  (the  negative  lm[ky] 
plane),  and  then  it  cuts  the  branch  cut  to  enter  into  die 
improper  sheet  (the  positive  lm[ky\  plane),  and  again 
cuts  the  branch  cut  to  come  back  on  the  proper  sheet. 

Fig.  4  shows  the  nonnalized  phase  and  leakage  con¬ 
stants  when  we  select  the  strip  width  as  w///=  1.0.  The 
other  dimensions  and  are  shown  in  the  figure.  The 
fine  solid  curve  above  the  TMo-surface-wave  eurve 
shown  by  the  dotted  curve  is  the  bound  dominant  mode, 
and  the  space-wave  leaky  mode  is  obtained  at  low  fre- 


Proceedings  of  the  3rd  International  Conference  on  Antenna  Theory  and  Techniques,  Sevastopil,  Ukraine,  8-11  Sept.  1999 


81 


quencies  as  shown  by  the  bold-solid  cun'e.  However, 
for  this  case  of  the  strip  width,  tlie  space-wave  leaky 
mode  is  nonphysical  because  it  takes  the  p/A'o  value 
larger  than  unity  at  all  frequencies.  But,  it  is  clearly 
shown  that  tlie  evolution  of  this  solution  exists  inde¬ 
pendent  of  that  of  the  bound  mode.  In  addition  to  these 
solutions,  we  have  here  the  surface-wave  leaky  mode 
solution  as  shown  by  the  dot-broken  curve,  and  this 
solution  is  physical  only  above  the  frequenty'J^r-  So,  for 
both  the  bound  and  surface-wave  leaky  modes 
propagate  simultaneously. 


To  obtain  the  physical  space-wave  leaky  mode,  we 
make  the  strip  width  larger  to  wth  =1.5.  The  result  is 
shown  in  Fig.  5,  w'here  it  is  clearly  shown  that  the 
space-wave  leaky  mode  becomes  physical  between  the 
critical  frequencies  f„2  and  Therefore,  we  can  con¬ 
firm  for  the  first  time  that  both  the  bound  dominant 
mode  and  tlie  space-wave  leaky  mode  propagate  si¬ 
multaneously  as  physical  modes  even  if  the  bound 
mode  has  no  cutoff  frequency.  This  fact  certainly  means 
that  the  space-wave  leaky  mode  is  a  solution  independ¬ 
ent  of  the  bound  mode. 


We  further  changed  the  strip  width  w/h  from  1.5  to  2.0. 
Then  the  evolution  of  solutions  changes  as  shown  in 
Fig.  6.  As  for  the  space-wave  leaky  mode,  its  appear¬ 
ance  does  not  significantly  change  from  that  of  Fig.  5. 
However,  this  case  shows  the  slight  shift  in  both  the 
critical  frequencies  fcr\  and  f„2  to  lower  and  higher 
frequencies,  respectively,  so  that  the  space-wave  leaky 
mode  can  propagate  simultaneously  with  both  the 
bound  and  surface-wave  leaky  modes  in  the  frequency 
range  between  f„2  and  Thus,  we  can  conclude  that 
the  space-wave  leaky  mode  is  a  solution  independent  of 
those  of  the  bound  mode  and  the  surface-wave  leaky 
mode. 


0.02  0.06  0.1  0.14  0.18 


Fig.  2.  Angles  0and  (iof  leakage 
for  the  surface-wave  leaky  mode  and  the  space-wave 
leaky  mode,  respectively 


hix. 


Fig.  4.  Normalized  phase  and  leakage  constants  as  a 
function  of  the  normalized  frequency  h/ko,  when  wlh  is 
selected  as  1.0 
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Fig.  5.  Normalized  phase  and  leakage  constants  as  a 
function  of  the  normalized  frequency  /7/X0,  when  wlh  is 
selected  as  1.5 

Next,  we  examine  the  modal  nature  of  the  space-wave 
leaky  mode  from  tire  field  behavior.  As  comparison, 
Fig.  7(a)  and  Fig.  7(b)  show  the  plots  of  the  vector- 
electric  fields  for  the  bound  mode  and  for  tlie  surface- 
wave  leaky  mode  at  the  frequencies  marked  a  and  b  in 
Fig.  6,  respectively.  We  show  the  plot  for  the  space- 
wave  leaky  mode  at  tlie  frequency  marked  c  in  Fig. 
7(c).  These  plots  are  shown  in  the  limited  half  area  of 
the  right-hand  side  of  the  line  cross  section.  Fig.  7(a) 
shows  certainly  the  field  tightly  bound  to  the  strip, 
while  the  plot  of  Fig.  7(b)  shows  tlie  field  of  the  sur¬ 
face-wave  leaky  mode,  which  leaks  power  into  the 
transverse  direction  only  along  the  substrate  with  in¬ 
creasing  amplitude.  Let  us  next  examine  the  space- 
wave  leaky  mode.  It  is  expected  diat,  when  this  mode 
becomes  physical,  the  radiation  occurs  in  a  conical- 
horn  shape  above  the  substrate.  Fig.  7(c)  shows  the 
result  for  this  mode,  and  we  can  certainly  see  the  ra¬ 
diation  of  the  conical-horn  shape  resulted  from  both  the 
space-wave  leakage  and  the  surface-wave  leakage.  At 
tlie  same  frequency  corresponding  to  the  points  a  and  c, 
we  have  completely  different  field  behaviors,  so  that  we 
can  confirm  also  from  tlie  field-nature  point  of  view 
that  the  space-wave  leaky  mode  can  propagate  as  a 


Fig.  6.  Normalized  phase  and  leakage  constants  as 
a  function  of  the  normalized  frequency  hlXo,  when 
wlh  is  selected  as  2.0 


physical  mode  independent  of  other  types  of  physical 
mode. 

EXPERIMENTS 

To  reinforce  our  numerical  conclusions,  we  performed 
a  set  of  experiments.  The  first  experiment  is  the  meas¬ 
urements  of  both  the  normalized  phase  constant  ^Iko 
and  the  nonnalized  leakage  constant  alko  over  a  wide 
frequency  range,  for  the  line  with  wlh  -  1.45.  In  this 
case,  the  space-wave  leaky  mode  is  present  simultane¬ 
ously  with  the  bound  mode  in  the  limited  low-frequency 
range  and  also  with  the  surface-wave  leaky  mode  over  a 
high-frequency  range,  respectively,  as  shown  in  Fig.  8. 
The  round-open  dots  show  the  experimental  results. 
The  details  of  the  measurement  procedures  employed 
are  presented  in  [3].  Figure  8  shows  that,  although 
there  are  some  difference  in  the  measured  data  for  tlie 
nonnalized  leakage  constant  a/^o,  the  measurements 
verify  the  propagation  of  the  space-wave  leaky  mode 
independent  of  both  the  bound-dominant  mode  and  the 
surface-wave  leaky  mode. 
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(b) 


(c) 

Fig.  7.  Vector-field  plots  on  the  line  cross  section. 
Figures  (a),  (b)  and  (c)  correspond  to  those  obtained  at 
point  a,  b  and  c  marked  in  Fig.  6 

The  second  experiment  is  the  measurements  of  the 
radiation  field  of  the  space-wave  leaky  mode.  The 
measured  results  are  shown  in  Fig.  9.  The  measure¬ 
ments  are  taken  in  the  near  field,  so  that  the  radiation 
patterns  are  somewhat  degraded.  However,  the  radia¬ 
tion  peaks  at  the  different  two  frequencies  are  observed 
at  the  angles  expected  from  the  theoretical  results. 

CONCLUSIONS 

We  have  reported  here  for  tlie  first  time  Uiat  tlie  space- 
wave  leaky  mode  can  propagate  as  a  physical  mode 
independent  of  bound  modes  and  surface-wave  leaky 
modes.  Although  some  researchers  have  been  con¬ 
cerned  in  problems  of  the  space-wave  leaky  mode  [5,6], 
most  of  them  have  left  unclearly  the  precise  relations 
among  the  evolutions  of  the  bound  mode,  tlie  surface- 
wave  leaky  mode  and  the  space-wave  leaky  mode.  So, 


hl\ 


Fig.  8.  Measured  results  (the  round-open  dots)  for 
the  p/ko  and  o/ko  values  when  wlh  =  1.45 
and  dih  =  0.241 


Fig.  9.  Near-field  patterns  of  the  space-wave  leaky 
mode  at  the  normalized  frequencies  hlXo  =  0.0692 
(solid  curve)  and  0.0831  (dot-broken  curve) 
when  wlh  =  1.45  and  dIh  =  0.241 
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we  present  here  several  numerical  and  experimental 
evidences. 
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Antenna  is  considered,  a  radiating  element  in  which  is 
a  column  of  gas  discharge.  Possible  gas  mixes,  ensur¬ 
ing  required  properties  of  a  positive  column,  are  ana¬ 
lyzed.  A  conclusion  and  basic  possibility  of  actualiza¬ 
tion  of  the  specified  antenna  with  sufficient  efficiency 
of  radiation  are  done 

INTRODUCTION 

The  idea  of  an  antenna,  in  wliich  the  basic  radiating 
element  is  a  plasma  torch,  is  offered  in  works  [1,  2].  In 
the  referred  papers  an  estimation  of  the  characteristics 
of  radiation  from  plasma,  formed,  for  example,  in  the 
glow  discharge  at  low  pressure  is  perfonned.  It  is 
shown,  that  at  ratlier  low  collision  frequency  it  is  possi¬ 
ble,  basically,  to  get  acceptable  efficiency  of  an  such 
antenna,  thus  it  is  necessary  to  distinguish  two  cases  — 
when  the  plasma  rod  on  the  properties  is  similar  to 
conductor,  and  a  case  of  dielectric  -like  plasma.  Thus, 
the  first  case,  which  in  our  opinion  has  a  higher  effi¬ 
ciency,  is  considered  in  [3]. 

The  stated  below  results  of  further  research  determine 
first,  structure  and  parameters  of  gas  mixes  for  the  gas 
discharge  to  be  realized  and  the  achieving  of  necessary 
parameters  of  plasma  and,  secondly,  by  the  numerical 
solution  of  the  appropriate  electrodynamic  problems, 
characteristics  of  radiation  of  the  plasma  antenna. 

PLASMA  COLUMN 

AND  OPTIMUM  GAS  MIXTURE 

The  positive  column  of  tlie  self  maintained  gas  dis¬ 
charge,  used  for  radiating  a  microwaves,  is  formed  in 
radio-transparent  tube,  satisfying  to  a  condition: 
L»a»d ,  where  L ,  a  are  length  and  radius  of 
tube,  d  is  Debye  length  in  plasma.  At  pressure  lower  1 
tor  in  the  glow  discharge  rather  low  collision  frequency 
V  is  provided  and,  hence,  small  losses  of  the  micro- 
wave  energy  take  place.  The  plasma  thus  becomes  non 
equilibrium:  electron  temperature  is  much  greater  than 
temperature  of  atoms  (Tg  »  r^) ,  it  is  assumed  that  the 
electrons’  velocity  distribution  is  ma.xwellian.  Within 
the  framework  of  some  simplifying  assumptions  (tire 
validity  of  the  Thomson  fonnula  for  probability  of  ioni¬ 
zation,  prevalence  diffusion  control  for  the  gas  dis¬ 
charge)  it  is  possible  to  obtain  the  simple  estimating 
formula  for  connection  between  of  listed  parameters  of 
plasma: 


( kT  / 

exp— =  Const(/Jr2)2  (1) 

Where  I  is  potential  of  ionization  of  atoms,  p  is  pres¬ 
sure  in  tube,  k  is  Boltzmann’s  constant,  the  constant  in 
tlie  right  part  is  expressed  through  the  characteristic  of 
a  gas  mixture  —  mobility  of  ions,  concentration  of 
mi.xture  component  and  etc.  and  can  be  calculated  for 
each  specific  case. 

For  such  a  category  the  distribution  of  free  electrons 
concentration  in  a  cross  direction  (coordinate  r)  is  de¬ 
scribed  by  the  Bessel  function: 

«eW  =  «g(0)Uo[^2,405^j  (2) 


The  choice  of  a  gas  mixture  is  definined  by  the  re¬ 
quirements  of  as  lower  collision  frequency  at  as  greater 
electron  concentration.  Such  mixtures  are  known  [4], 
and  are  used,  in  particular  (personally),  in  MHD  gen¬ 
erators.  Their  stnicture  is  detennined  by  the  presence  of 
a  small  part  (up  to  1  %)  easily  ionized  additive.  An 
example  of  a  suitable  mi.xture  is  for  instance  Ne  +  Cs  in 
the  ratio  0.995  +  0.005  or  Ne  +  Rb  in  the  ratio  0.99  -t- 
0.01  Appropriate  cuiv'es  (the  formula  (1))  for  tlie 
specified  mi.xes  are  resulted  in  Fig.  1. 
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RADIATION  OF  THE  CYLINDRICAL  PLASMA 
VIBRATOR 

Let's  consider  cylindrical  coordinate  system  r,2,fp  in 
the  near  zone  of  vibrator  and  spherical  one  i?,0,cp  in 
far  zone.  For  the  electromagnetic  field  inside  and  out¬ 
side  of  vibrator  we  have  the  following  expressions: 


In  Out 

E^(r,z)  =  EQlQ{k^r)Aiz),  E,(r,z)  =  EoKo(Kr)A(z), 

H^(,r,z)  =  -i^EQl]{k^r)A{z),  H^(r,z)  =  -i~EoKi(Kr)A(z), 

E,(r,z)  =  -i!^EoIi(k^r)A(z)  E,(r,z)  =  -i^EoK^iKr)A(z) 

(3) 


where  k  = 


s\nk^{L-  z) 
smkj^ 


.  We  will  use  also: 


ki^jK^-i-(l~e)k^  ,  k,  =^K^+k^  ,  Io(x),I,(x), 

Kq(x),  Ki(x)  are  the  Bessel  functions. 


Conditions  of  continuity  for  components  of  electromag¬ 
netic  field  give  the  following  dispersion  equation 

Kj(k(7)  ^  e/i(V)  (4) 

KflAro(Kn)  ^iO/o(i'i«) 


from  which  we  can  obtain  different  components  of 
wave  vector.  In  turn,  for  the  antenna  radiation  pattern 
(RP)  we  have 

/7(0)  ==  SI n 9 •  Jq (ka sine)  (6), 

I-y^cos^e 

Fj(G)  =  cos(frLcos0) -cosCAr^Z-),  (5) 

F2  (0)  =  Y  sin(A:jZ,)  cos  0  -  sin(kL  cos  0). 


y^k/k^,  N  is  normalizing  factor.  Equivalent  electri¬ 
cal  and  magnetic  currents  7/(z), //’(z) ,  determining 
RP  are  equal  to: 


(z)  =  2)5;,  = /]  a-i  n)  sin  [A-,  (L  -  z)]5, . 

471  ^  47i«i  sin  k^L 

J^{z)  =  --^E,ia,z)l^=-^-^f—hik^a)^m[k,(L-z)%  . 
47t  ^nsxnk^L 

(6) 


e^  is  unit  vector  along  z-axis.  For  our  conditions 
(i)«v)p  and 


oe 

cki 


a  tOp  c  _^p  _  ^ 

c  a?  (X'p  ® 


(7) 


Thus  electrical  surface  current  plays  the  main  role  and, 
thus,  antenna  is  conductor-like. 


Energy  losses  due  to  electron  collisions  in  the  plasma 
rod  are  detennined  by  the  equation: 


Re 


ip<7F 


j  =  aE ,  a  = 


471 


(8) 


where  a  is  the  plasma  conductivity,  integration  is 
performed  over  plasma  volume.  Thus  radiated  power  is 


(9) 


here  integration  is  performed  over  the  closed  surface  in 
the  far  zone.  An  efficiency  of  antenna  is 


Below  we  present  results  of  calculations  for  the  mixture 
Ne+Rb  at  the  temperature  3  eV,  pressure  0.2  to  at 

a  =  0.5cm,  =  lO'^cin’^ ,  01^  =5.7- 10*' sec 

v  =  1.2-10*sec"\  /,=500MHz,  £  =  -317-11.4/, 

L^nllk^  w  11.2cm. 

Components  of  the  vrave  vector  are  presented  in  the  table 


k'r} 

Rert-w?! 

ReOL- 

lni(fc— 

_£LnL_ 

■  Q.94 _ 

n  ma 

Q.Q7 _ 

Q.Ct,Q,0A_ 

0.04 

For  the  given  length  of  antenna,  ^<0.1  and  its  effi¬ 
ciency  is  q  >  0.95  =  95%  . 


Taking  into  account  energy  losses  due  to  matching 
device  and  transformation  of  a  part  of  energy  in  plasma 
waves  can  dccrea.se  efficiency  down  to  60%. 


CONCLUSION 

The  presented  results  allow  to  consider  experimental 

setup  for  conductor-like  antenna. 
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INTRODUCTION 


PROBLEM  SOLUTION 


At  present  various  electromagnetic  radiation  sources 
are  widely  used  (for  example,  tire  cellular  communica¬ 
tion  system  operating  at  450,  900  and  1800  MHz). 
Accordingly  the  interest  to  the  problem  of  electromag¬ 
netic  fields  interaction  with  biological  tissues  has  been 
increased.  The  inhomogeneous  cylinder  may  be  one  of 
tlie  possible  biological  structure  models  [1].  Such 
model  investigation  allows  to  take  advantage  of  a  strict 
solution  of  an  electromagnetic  problem.  In  resonance 
range  (the  specified  frequency  range)  a  method  of  ei¬ 
genfunctions  is  usually  used.  In  accordance  with  it 
fields  are  decomposed  into  infinite  series  of  eigeflinc- 
tions.  The  unknown  expansion  factors  are  determined 
from  boundary  conditions.  However,  for  biological 
media  (with  large  values  of  dielectric  constants)  expan¬ 
sion  series  converge  extremely  slowly.  With  a  multiple 
eigenfunctions  evaluation  using  appropriate  direct  or 
inverse  recurrence  formulas  a  significant  error  may 
occur.  Diffraction  problems  in  this  case  involve  special 
combinations  of  cylindrical  functions  [2,  3].  In  practice 
often  it  is  important  to  know  the  electromagnetic  field 
distribution  inside  a  dielectric  structure.  The  homoge¬ 
neous  dielectric  cylinder  with  a  thin  cover  may  serve  as 
a  model  of  such  structure.  In  tliis  case  it  is  possible  to 
build  equivalent  homogeneous  model  utilizing  two- 
sided  second-order  boundary  conditions  [4,  5]. 

PROBLEM  FORMULATION 

The  infinite  circular  isotropic  dielectric  cylinder 
(Fig.  1)  with  a  radius  a ,  covered  with  a  dielectric  shell 
of  a  thickness  i-b-a  is  located  in  the  free  space. 
We'll  consider  a  cylindrical  coordinate  system  with  Oz 
direction  coincided  with  the  cylinder  axes.  Complex 
dielectric  and  magnetic  constants  of  the  cylinder  are 
introduced  with  the  following  functions 


We'll  take  in  mind  that  cover  thickness  T  is  small  as 
compared  witli  the  depth  of  field  penetration  into  media 

T  <  5,  where  5  =  1/a,  k2  =  P  -  /a  =  ra7®o2fta2  is  the 
wave  factor  of  dielectric  cover.  The  case  of  E-polarized 
wave  will  be  considered  now.  To  take  into  account  a 
thin  shell  we'll  make  use  of  higher  order  boundary 
conditions  (BC). 


Electric  field  intensity  in  the  shell  at  o  <  r  <  A  is  being 
expressed  as  Taylor  series  with  only  three  components 
used  in  a  vicinity  of  a  point  =  a  +  0 . 


kir  =  b~  =b-0  it  is  possible  to  obtain 


d 


E,{b~  =  +x—E^(,r,(^)\^^^^  + 


2 


.(1) 


eW  = 


Ei,0</'<O 

82,0  <r  <6 


p(r)  = 


fpi,0<r<a 


In  the  area  Vi  the  distribution  of  source  electric  cur¬ 
rents  with  volume  density  is  defined.  The  electric 
field  strength  at  any  point  of  space  is  to  be  detennined. 


It  is  assumed  in  expression  (I)  and  furtlier  tliat  time 
dependence  is  defined  by  factor  exp(i©t).  From  (I), 
with  the  use  of  equality  of  tangent  electric  field  compo¬ 
nents  air  =  a ,  r  =  b  and  Helmholtz  equation  in  polar 
coordinate  system,  the  BC  for  tangent  electric  field 
component  is  being  derived. 
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la‘ 


E2  {a  ,  (p)  + 

t - 

2a 

^n  ~  F^  n  (^1^)  "*”  fj  (^jQ) 


p^l- 
q  =  ky 


,  2  2 

X 

— - + 


2 

2a 


X-- 


2a 


•n 


2 


where  E"(r,q))  =  E^^(r,q))  +  E'^(r,i(>)  is  a  total  field  in 
the  free  space  being  equal  to  the  sum  of  scattered  and 
incident  fields.  When  deriving  (20)  all  derivatives  by 
longitudinal  coordinate  z  were  concerned  to  be  zero 
value  (the  two  dimensional  problem  is  under  consid¬ 
eration). 

Using  Maxwell's  equation  expressed  in  cylindrical 
coordinate  system,  we'll  obtain  the  second  BC 


(  -,2  V 

1  1 

-X2  2 

a 

Fa2  ^0 

J _ 1__^ 

«J  0<j2  ^0 


Ez  ('■>«P)L 


.(3) 


PoA:o  dr 


So,  the  approximate  higher  order  BCs  (2),  (3)  for  tan¬ 
gent  component  of  electric  field  have  been  formulated. 
They  define  the  correlation  between  free  space  field  (r 
>  b)  and  field  in  interior  cylinder  (j'<a). 

Further  derivation  is  carried  out  for  the  case  when 
radiant  is  the  infinite  filament  of  an  electrical  current 
parallel  to  the  cylinder  axes.  The  filament  is  located  in 
the  free  space  at  a  point  with  coordinates  Tq,  (po  hs 
volume  electrical  current  density  is 

]^lzIo—S(r-ro)S((l)-^o)- 

I'D 

The  solution  is  realized  by  means  of  eigenfunction 
method  [6]  with  application  of  the  second  order  bound¬ 
ary  conditions.  As  a  result  the  following  expressions  for 
factors  of  expansion  may  be  obtained  (C„,  a„i  are  the 
expansion  factors  of  a  scattered  field  in  free  space  and 
total  field  in  the  cylinder) 

(A'O*)  -  •  ^  Vn 

c„  =  - — - - - i - . 


^  HPikoh)  ,  Hi^hkoro)-Jnikoh) 
a„,  =C„ - - - + - - 


where 

ko  =  co^eoEo  > 


P  = 


T  1  2 

-kix  +—r-n 


k(iP2 


NUMERICAL  RESULTS 

The  purpose  of  the  numerical  investigations  was  to 
define  the  possibility  of  application  of  the  thin  layer 
approximation  presented  above. 

In  Fig.  2  the  spatial  distribution  of  the  absolute  values 
of  calculations  relative  error  is  depicted  for  the  electric 
field  intensity  evaluated  strictly  and  approximately  in 
the  structure  with  ka  -  5.0,  Ei  =  (5.,-i0.5),  82  =  (1.,  - 
iO.O),  Aro=  6  (A:  =  co^soPo  )>  9o=0“ 


Fig.  2 


Fig.  3 
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Here  E|  ,  E2  are  the  approximate  and  strict  electric  field 
values. 

In  Fig,  3  the  relative  error  dependence  of  approximate 
and  strict  electric  field  intensity  evaluation  versus  the 
shell  thickness  is  presented  for  a  stmeture  with  follow¬ 
ing  parameters  Si  =  (5.,  -  iO.5),  82=  (1.,  -iO.O),  Aro=  6, 
(po=  0°  (graphs  correspond  to  different  cylinder  radii). 

(Ei-E2)/E2 


In  Fig.  4  graphs  are  shown  {ka  =  2.5,  Si  =  (5.,-iO.l), 
Ato  =  6,  (po  =  0°)  for  the  different  electric  constants  of 
the  shell:  S2  =  (20.,-il5.)  (curve  1),  S2  =  (20.,-i5.0) 
(curve  2),  82=  (20.,-i0.0)  (curve  3). 

The  result  analysis  outlines  that  reported  approxima¬ 
tion  utilization  depends  upon  the  dielectric  properties 
of  a  shell  as  well  as  on  the  cylinder  radius.  The  satis¬ 
factory  results  for  ka  -  2.5  were  obtained  with  cover 
thickness  kx  <0,15. 
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ABSTRACT 

The  phase  synthesis  problem  of  a  linear  antenna  ac¬ 
cording  to  the  prescribed  amplitude  radiation  pattern  in 
the  variational  statement  is  considered.  The  problem  is 
reduced  to  a  system  of  the  nonlinear  equations  with 
respect  to  both  the  unknown  phase  distribution  of  cur¬ 
rent  and  the  phase  radiation  pattern.  The  linear  equa¬ 
tion  to  determine  the  points  of  branching  for  the  appro¬ 
priate  nonlinear  equation  is  obtained.  The  investigation 
of  this  linear  equation  is  carried  out  numerically.  The 
results  arc  presented  for  the  even  prescribed  amplitude 
radiation  pattern. 

STATEMENT  OF  PROBLEM 

In  the  process  of  the  statement  and  solving  the  synthe¬ 
sis  problem  according  to  the  prescribed  amplitude  ra¬ 
diation  pattern  (RP)  it  is  necessary  to  solve  the  nonlin¬ 
ear  equations  of  a  various  type.  As  a  nile,  these 
equations  arc  nonlinear  integral  equations  of  the  Ham- 
merstein  type  [1],  The  characteristic  physical  parameter 
of  antenna  is  contained  in  the  kernel  of  these  equations 
and  if  it  changes,  except  one  solution,  can  appear  other 
ones,  that  is  the  branching  of  solutions  happens.  The 
investigation  of  a  number  of  these  solutions  and  their 
properties  is  important  not  only  in  the  theoretical  plan, 
but  also  in  the  practical  one,  since  it  allows  to  select 
that  solution,  which  satisfies  the  practical  requirements 
to  antenna  in  the  best  way. 

As  a  rule,  the  following  functional  [2] 

I  1 

K  =  \F{^)\m\cl^l\uix)u\x)dx  (1) 

-1  -1 

is  used  as  a  criterion  of  optimization  in  the  process  of 
solving  the  phase  synthesis  problem.  Here  F{%)  is  the 
prescribed  amplitude  RP  (real  positive  function), 
1/ (^)l  is  the  module  of  the  synthesized  RP,  ^  is  the 
generalized  coordinate,  u(x)  is  the  current  in  antenna. 

RP  fi^)  and  the  current  u(x)  are  connected  by  the 
known  relation  [3] 

1 

/(^)  =Ausj  u{x)e"^^dx  ,  (2) 

-1 


that  is,  the  solution  of  the  direct  problem  (the  analysis 
problem)  is  prescribed  by  the  explicit  formula.  The 
operational  form  of  the  writing  f  =  Au  in  the  formula 
(2)  will  be  used  in  fiirther  for  the  shortcut  of  entries. 

The  function  u{x)  is  complex.  Let's  present  it  as 
u=\u\  e’'*’ .  The  phase  synthesis  problem  consists  in  a 

maximization  of  the  functional  (1)  at  the  expense  of 
choice  of  the  function  vg  named  as  the  phase  of  current 

u  .  Thus,  its  amplitude  |  u  1  is  considered  prescribed. 

METHOD  OF  SOLUTION 

From  the  condition  of  maximum  of  the  functional  k  it 
is  possible  to  obtain  a  system  of  the  nonlinear  equations 
with  respect  to  both  the  unknown  phase  distribution  \|/ 
of  current  and  optimal  phase  RP  cp  [2].  Uniting  this 
system  in  one  equation,  we  obtain  a  nonlinear  integral 
equation  for  determination  of  the  function  xg  . 

Investigation  of  the  number  of  solution  of  this  nonlin¬ 
ear  equation  and  the  properties  of  these  solutions  can  be 
carried  out  numerically,  using  this  equation  directly. 
For  this  end  the  method  of  successive  approximation  is 
used.  The  various  types  of  initial  approximations  of  the 
desired  function  xg  are  prescribed  (for  example,  the 
functions  with  various  properties  of  evenness)  to  obtain 
the  various  solutions  [4].  At  small  values  of  the  char¬ 
acteristic  parameter  c  the  various  types  of  the  initial 
approximations  lead  to  the  same  solution  (accordingly, 
the  value  of  k  is  the  same  too).  If  the  parameter  c 
increases,  then  the  new  solutions  appear.  The  values  of 
functional  k  are  various  at  their  solutions.  Thus,  inves¬ 
tigating  the  behavior  of  k  at  the  various  solutions,  it  is 
possible  to  determine  the  points  of  branching. 

The  analytical  investigation  of  the  number  of  solutions 
for  the  equations  of  such  t>pe  is  connected  with  tlie 
essential  mathematical  difficulties.  Such  investigation 
is  carried  out  for  the  amplitude-phase  synthesis  prob¬ 
lem  for  linear  antenna  in  [5]  and  for  linear  array  in  [6]. 

At  small  values  of  parameter  c ,  included  in  the  kernel 
of  the  obtained  nonlinear  equation,  there  is  the  unique 
solution  xg  =  0  (in  fiirther,  we  name  its  trivial).  If  c 
increases,  then  at  the  certain  its  values,  there  can  be 
appear  the  other  solutions.  The  appropriate  linear 
equation  it  is  necessary  to  deduce  for  the  determination 
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of  these  values  of  c ,  which  are  named  as  the  points  of 
branching.  In  accordance  with  the  theor>'  of  branching 
the  nonlinear  equations  [1],  the  points  of  branching  can 
be  such  values  of  parameter  c,  at  which  except  the 
trivial  solution  of  the  linear  equation  there  are  other 
eigenfunctions  appropriating  tlie  eigenvalue  =  1 . 

Since,  in  the  neighborhoods  of  the  points  of  branching 
the  branching  solutions  are  small,  we  write  out  a  linear 
equation  for  small  solutions.  Let’s  the  function  y  is  the 

small  increment  of  the  trivial  solution  \|/o ,  the  function 
■q  is  the  small  increment  of  tlie  phase  pattern  cpo, 
appropriated  to  the  solution  vgo .  For  the  functions  y 
and  q  we  obtain  the  following  system  of  the  nonlinear 
equations  [7] 

(3, 

«0 

/o 

where  Uq  =|w  |exp(/\|/o) ,  =Auq.  The  operator  A* 
is  determined  by  the  formula  [2] 

=  ^  (4) 

-00 

To  simplify  the  equations  (3),  w'e  consider  the  case  of 
tlie  symmetric  both  the  RPs  F  ( =  F(^) )  and 
amplitude  of  currents  u  ( |  w(-x-)  |=|?y(x)  |).  The  system 
(3)  in  this  case  can  be  w'ritten  as 

y  =  (5) 

^0  fo 

For  detennination  of  the  points  of  branching  we  con¬ 
sider  the  following  eigenvalue  problem 

A,v  =  yl’(-^w),  Xw  =  A(}—v),  (6) 

/o  “o 

where  w  =  ti/q  ,  v  =  yz/g . 

Substituting  the  first  equation  of  (6)  into  its  second  one, 
we  obtain  one  equation  with  respect  to  the  function  w 

X^w=A(}^A\-^w)).  (7) 

«o  /o 

Taking  into  account  the  expressions  for  the  operators 
A  and  A* ,  this  equation  can  be  w'ritten  as 

,  (8) 

2^-Vo(^) 


fexp(;cx(E-^'))l^^^t/x.  (9) 

_i  "oW 

The  fiinctions  /o(§)  and  Uq{x)  are  determined  as 
follows 

1 

/o  (?)  =  J I  I  ,  (10) 

-1 

1 

=  (11) 

Thus,  investigating  a  behavior  of  eigenvalues  of  the 
equation  (8)  with  the  change  of  parameter  c ,  we  obtain 
the  set  of  values  c,  ,/  - 1,2,3,...,  in  wiiich  L,-  =  1  (at  all 
values  of  c  there  is  a  trivial  solution  appropriated  to 
Lg  =  1 ).  Those  values  from  the  set  of  c, ,  for  w'hich  the 
eigenfunctions  appropriated  the  Lg  =  1  and  X,  =  1  are 
various,  will  be  the  points  of  branching. 

NUMERICAL  RESULTS 

Determination  of  the  eigenvalues  of  the  equation  (8)  is 
carried  out  numerically.  The  results  are  presented  for 
the  prescribed  amplitude  RP  F(5)  =  cos^(n^/2)  for 
two  cases  of  the  amplitude  distribution  of  current  in 
Fig.  1  and  Fig.  2.  In  the  first  case  (|w(x)|=  1)  in  the 

point  c  =  3.62  the  eigenfunctions  corresponding  the 
eigenvalues  Lg  and  L,  are  various,  it  means  that  this 
point  is  the  point  of  branching.  In  the  second  case 
(|n(x)|=  cos(7tx/2))  the  point  c  =  5.12  is  as  the  point 
of  branching. 


Fig.  1.  The  eigenvalues  of  the  equation  (8)  in  the  case 
of  constant  amplitude  of  current  ( lrr(x)|=  I ) 


the  kernel  K{c,^-%)  has  the  form 
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Fig.  2.  The  eigenvalues  of  the  equation  (8)  in  the  case 
of  variable  annplitude  of  current  ( |ir(x)|=  cos(nx  /  2) ) 
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SURFACE  AND  LATERAL  WAVES  OF  HIGHER-ORDER  BEAM  WAVES 
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The  problem  of  surface  and  lateral  waves  excitation  on 
a  plane  isotropic  boundary  of  dielectric  media  is  con¬ 
sidered.  The  uniform  asymptotic  for  surface  and  lateral 
waves  have  been  obtained  by  the  integral  representation 
of  indecent  beam  field  as  a  spectrum  on  plane  waves. 

Let  us  consider  tlie  narrow  higher-order  wave  beam 
inclined  to  a  boundaiy  of  dielectric  media  at  an  angle 
©0 .  Let  source  is  located  on  distance  h  from  a  surface, 
the  X  axis  coincides  with  the  boundary. 

The  field  of  an  incident  beam  can  be  presented  as  inte¬ 
grated  decomposition  on  plane  waves  [1,  2,  5,  7]: 

L  J  ,(1) 

where  =  exp - (t-Enf 

cos^(0,)  "[  W(e„)'^  *"■'  J 

the  angular  spectrum  of  a  beam  detennined  at  z  =  h , 
p  —  the  order  of  a  beam. 

Let  relative  refraction  index  n  is  less  than  1. 

The  refracted  field  is; 


7-t/'7T  ^ 


(2) 


where;  T(^)  -  the  plane  wave  factor  of  refraction. 

In  a  case,  when  Og  >8  (5  -  tlie  internal  reflection 

angle)  the  refracted  field  is  transformed  to  surface  and 
lateral  waves. 

We  make  the  following  transformations  to  allocate  the 
regular  parts  of  integrand  containing  radicals  [2]; 


ny[l^+yln^-f 


-n^  -ik^ 


el  J.i  ' 

n=0 

In  a  case,  when  the  special  points  are  located  on  great 
distance  the  asymptotical  estimation  of  integral  in  ex¬ 
pression  (2)  is  [2,  5]. 

J=j  F{^)Exp[pf(^)]d^  =  Is  +Is,p  » 1 ,  (6) 


,  271  .  J  -1  ] 

Is  determine  the  surface  wave,  determine  tlie 
lateral  wave. 

In  a  case  when  Gg  -5  ,  the  stepdcscent  point  ( ^  =  ^g ) 
approaches  the  branchcut  point  (^  =  «)  of  the  inte¬ 
grand.  In  this  case  it  is  impossible  to  use  the  classical 
fonnulas  (7,  8). 

The  asymptotical  representation  can  be  found  by  using 
the  expression  for  the  Webber  function  [3,  4]. 


^  /7l(l-p) 

=  yf2^(2pa)-^e^^  ^  %(§*)Dp(«)+  (9) 

+  )  -  gfeft  )]Op+i  (m)(i  + 


where;  =  ^  /  >. 


For  the  estimates  expression  (6),  it  is  necessary  to  make 
the  following  transformations; 
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/(^)=/feo)  +  ^ 


IL 

r. 


r 

If' 


a  = 


H 

2i 


(^-?o)  + 


IL 

rl 


l2 


(10) 


Then:  J  =  Exp\ 


-P- 


r 


If 


We  obtain  uniform  asimptotical  estimate  for  the  field  in 
the  bottom  half-space. 


'4x 


1  l4t(l-Pl  ) 

"2 

~’~{x-hTan{P>Q)f 

xe 

4  4 

4a 

Aar  ^  (kzJ^P  .  fp/ 

24%^.  «! 


—72  (nX2«-) 
a 


4  4 


Dp2(w> 


-~{x-hTay,{Oo)f 

4a 


1+of- 


1_ 
Uar 
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where:  u  =  yfza. 


2cx 


ikh  -!Ln  _  »  +  i 

4Co5^(0o)^2Co.v^(0o)’  *2’  ^  2  ■ 

Thus,  the  uniform  asimptotical  representation  based  on 
the  integral  representation  of  a  higher-order  beam  al¬ 
lowing  to  estimate  the  e.xcitation  of  surface  and  lateral 
waves  on  the  boundary  of  dielectric  media  has  been 
obtained. 
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THE  MODEL  OF  GRAZING  HF  VERTICALLY  POLARIZED  RADIO  WAVES 
BACKSCATTERING  BY  SEA  SURFACE  WAVES 
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The  new  model  of  HF  vertically  polarized  grazing  radio 
wave  backward  scattered  by  agitated  sea  surface  is 
based  on  tlie  proposed  analogy  between  the  sea  surface 
wave  and  statistically  irregular  system  for  electromag¬ 
netic  wave  channellisation.  By  comparison  with  the 
well  known  model  of  Barrick  [1,  2]  utilizing  the 
mathematical  methods  of  solid  state  physics  the  pro¬ 
posed  model  is  more  simple  and  obvious  and  its  as¬ 
sumptions  are  in  better  correlation  with  the  detected 
physical  phenomena. 

Both  theories  utilize  as  their  base  Pirson  and  Lounge- 
Higgins  description  of  random  sea  surface  [3],  But  if 
Barrick  theory  composes  such  surface  with  the  help  of 
random  sea  wave  amplitudes  and  random  sea  wave 
directions  of  propagation,  tlie  proposed  theory  adds  to 
them  the  random  variations  of  partial  sea  wave  space 
period  and  uses  the  multiscale  notion  of  sea  agitation 
[4j.  The  proposed  theory  also  utilizes  the  experimen¬ 
tally  detected  facts  that: 

•  the  sea  waves  with  the  length  Z,  =  (5 . . .  25)  m  com¬ 
parable  to  the  length  of  HF  waves  are  always  pre¬ 
sented  in  oceans  and  developed  to  their  maximum 
allowable  heights  limited  by  breaking  [1,2,5]: 

(1) 

•  and  the  random  variations  of  the  partial  sea  wave 
lengths  are  also  limited  by  the  magnitude  [3] 

AL,<0.35Z,-.  (2) 

Here  i  is  index  of  partial  wave  and  in,m)  -  marked  the 
space  position  of  sea  wave  arbitrary  crest  on  tire  de¬ 
tected  area  S. 

Let  s  draw  through  the  crest  foots  positioned  on  the 
limited  sea  area  S  the  local  virtual  boundary  surface 
and  consider  it  to  be  plane  due  to  the  limited  dimen¬ 
sions  of  aria  and  absolutely  conductive  due  to  the  very 
high  conductivity  of  sea  water.  The  grazing  vertically 
polarized  wave  ■will  induce  on  the  sea  wave  cones  the 
surface  currents  I,„„.  These  currents  together  witli  their 
mirror  reflections  in  virtual  plane  may  by  treated  as 
dipoles  with  the  lengths  equal  to  double  wave  crest 
heights: 

hnm  ~  hLi  ,  (3) 

and  dipole  moments: 


Pimn  ~  .  '  ■  (4) 

JW 

The  electromagnetic  fare  zone  field  reilluminated 
(scattered)  by  any  dipole  thus  will  be: 

^nm  'yPimn  (5) 

provided  one  choose  the  OY-axis  parallel  to  p  and  Ro, 
P,y,  to  characterize  the  scatter  direction  (Fig.  1). 


Fig.  1.  The  simplest  square  cell  dipole  array  model 
and  coordinate  system  choice 

The  crotches  betu-een  sea  wave  crests  are  always  filled 
by  ripples  thus  the  virtual  plane  can  be  considered  to  be 
rough  and  tlie  electromagnetic  field  dispersed  by  tliis 
roughness  must  meet  Leontovich  boundary  condition 
[6].  Therefore,  it  is  only  natural  to  model  HF  backscat- 
tering  by  the  crests  with  the  help  of  multitude  of  nearly 
regular  arrays  and  supplement  it  with  statistically  ir¬ 
regular  roughness  to  model  the  ripples  in  the  crotches. 

Let’s  illustrate  the  process  of  modeling  with  the  help  of 
the  simplest  square  cell  dipole  array  shown  in  Fig.  1 . 

Indicating  the  mean  values  of  random  variables  hi„m 
Pinmy  ^inm  for  z-type  developed  partial  sea  wave  as 
^inm  ’  Pinm  >  ^inm  one  can  represent  the  far  zone  field 
dispersed  by  such  array  as: 

£(0,(p,p,Y)  =  C-exp{y[(tn±ra£,)z  +  A-R(,]} x 
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N.M 

X  Z 


(.P yi  ^  ^nni 


Pi)^ 


xexp[it(wL,-  ±  A„,„jZ,,)(siii  e cos cp  +  sin  p cosy)] 
xexp[A'(w;r,  ±  A„„tv4- Gsin  cp  +  sin  Psin  y)]  J 


+  E, 


(6) 


^77^  is  the  average  meaning  of  Umov-Pointing  vector; 


pwn 


^wnPi  s  - 
—  y  ^ Lnmz  f 


(10) 


and 


where 


fflD  is  Doppler  frequency  shift  due  to  the  sea  wave  phase 
velocity  Vpi,  equal  to 

4;rFp^  2  / — =" 

W£)  = - - — cos(p  =  —  Ly  cos^  ;  t/) 

A  A 


g  —  gravity  acceleration; 


C: 


2  2 
TD  p 

471 


sinp  ; 


A™,pi,  A„n,2,x  Li  —  random  Gaussian  deviations  from 
Pyj  Lj ;  6,cp  —  the  incident  wave  propagation  an¬ 
gles;  NxM  —  mean  number  of  /-ty'pe  sea  wave  crests 
within  aria  S  perimeter  (A^»l,  M»\)  and  Er  —  the 
field  scattered  by  ripples. 

Let  the  incident  plane  vertically  polarized  electromag¬ 
netic  wave  propagates  along  the  virtual  plane  in  the 
direction  parallel  to  square  cell  array  column,  that  is  in 
the  direction  of  propagated  sea  wave.  Furthermore  let’s 
assume  that  in  the  absence  of  strictly  determined  A, 
Bragg  scattering  conditions: 

Li=K^  ,(/C  =  1,2,3...)  (8) 


are  satisfied  for  the  average  space  period  meaning  -  I, . 
Then  the  density  of  flow  of  backscattcred  power  is 
sin  6*  cos  ^ -t- sin  y?  cosy  =  2, 
characterized  by:  .  ^  ^ 

sin  t?  sin  -h  sin  yO  sm y  =  0 

represented  by  the  average  real  meaning  of  Umov- 
Pointing  vector  as: 


Re(77)  =  ^Re[£Gx//*]fyj=Re 


NMNMr 
K’ K  K' K 

xZ  z 

n,m 


(1±5^,„„)(1±5^^^)x 
4irf . 

X  exp  {;■  [  (n  -i)±  ] } 

A 


:R(H 


N  ^  ^M_ 

'k'Y  k'Y 

\^dipnle/  Z]  Z! 

n,m  i,s 


X  exp  -  ?>Usz  }, 


(9) 


TO 


n 


dipole 


1% 

T 


-2 

Piy 


(11) 


coincides  for  fare  zone  with  its  real  meaning. 

As  to  the  deposition  of  the  ripples  to  the  scattered  en¬ 
ergy  it  is  negligibly  small.  That  was  shown  by  direct 
solution  of  the  boundaiy  problem  at  Leonlovich  condi¬ 
tion.  Thus  the  power  arising  and  scatterring  by  the 
array  cells  (the  crotches)  due  to  the  fields  induced  by 
nearby  dipoles  is  negligible  small  as  well. 

The 

Re^xp[±y27iA'(S^„,„,  -5ite)]}=  1  " 

L^Lnmz  ~^Llsz)  +-'-® 
»l-0.2+5-10''^... 


even  for  -0.35 ,  so  one  can  readily  establish 

the  intensities  of  Doppler  spectrum  resonant  lines  by 
calculating  the  root  mean  square  value  of  (9).  For  inde¬ 
pendent  Sp„m  and  dLnm  it  is  equal  to: 


Re 


in)  ^(fj)  ~NhP^[(l-4i7tKfal)  +  al] 

\  /  rnis  \  /  dipol 

(12) 

where,  because  of  (4), 

N  M 


2  2 


r2  A'  K 

Z_  y  8^ 

MN  ^ 

n,m 


pnm 


cl=\ 


E.  E 

V 

MN  ^ 


(13) 


From  (12)  it  is  clear  that  intensities  of  the  resonant 
lines  in  Doppler  spcctniin  relate  to  one  another  as  1/lE 
(where  K  are  their  numbers)  and  the  dispersion  of  Li 
directly  reduce  the  intensity  of  resonant  lines,  while  the 
dispersion  of  the  sea  wave  heights  enlarge  Doppler 
spectrum  background.  Thus  Doppler  first  order  spec¬ 
trum  may  be  written  as: 


Here: 
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where  6(co)  is  Dirack  ^function. 

The  enlargement  of  the  sea  wave  space  period  disper¬ 
sion  even  in  the  limits  (3)  may  course  tlie  distraction  of 
all  resonant  maximums  (besides,  the  first)  when 

4(;rA0V^>l,  (15) 

The  background  in  these  cases  will  transform  into; 


l4(nKfal-l)+al] 


(16) 


The  typical  experimental  Doppler  spectrum  of  electro¬ 
magnetic  wave  backscattered  by  agitated  sea  surface  is 
shown  in  Fig.  2. 


Fig. 2.  The  experimental  Doppler  spectrum 
of  backscattering  from  limited  area  of  Black  sea 
(strong  wind  weather  conditions) 


The  cell  area  S  is  equal  to  thus: 


^dipole 


x^k'^ 


^dipole 


X^K^ 


(l-4(7rA:)2  ai)= 


V 


=  CTo(l-4(7tA')^ai) 
where  obis  maximum  specific  cross-section  so  that 


as  =  CTo(l  -  4{TiKfal)s  (19) 

L  1 

Dipole  dimension  being  limited  by  ^  <  — 

7  14 

upon  the  virtual  plane  the  dipole  must  be  Raleigh  scat- 
terer  with  the  cross-section 


cy dipole  =  4.44 . 10^ j  hl,„  (20) 

Thus  for  AT  =  1 : 

.To  =17.6.10^[^^j  =2.2-10-2  ,  (21) 


or  nearly  -17dB. 

This  corresponds  with  the  results  of  the  experimental 
measurements  and  Barrik’s  calculations  [1,  2]. 

For  present  or  foreseen  weather  conditions  one  can 
estimate  the  mean  magnitude  of  the  developed  sea  wave 
heights  by  the  Douglas  scale  [5]  and  their  periods  from 
(1)  and  thus  calculate  by  the  help  of  the  model  the 
passive  interferencies  maximum  intensity  for  over-the- 
horizon  radar  naval  route. 


If  to  denote  through  G  the  array  gain  and  through  as 
the  S  aria  cross-section  for  backscattering  then  as  may 
be  easily  calculated  as  as  =  GS.  The  gain  efficient  of 
the  equivalent  plane  array  having  the  same  area  S  and 
sited  normally  to  the  virtual  surface  can  be  readily  write 
for  resonant  lines  Doppler  spectrum  [7]: 

G  =  (17) 

As  in  array  cell  is  sited  the  only  dipole  and  the  scatter¬ 
ing  coefficient: 

=4(7rA)2o2 

takes  in  the  consideration  omnidirectional  scattering 
and  partly  dipole  interactions  so  with  the  accuracy  to 
background  level: 

^ cell  =  ^ dipole^  ~  (1^) 
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INTRODUCTION 

The  consideration  of  electromagnetic  wave  propagation 
in  irregular  waveguiding  structures  usually  assumes 
either  smooth  variation  of  medium  parameters  [1]  or 
their  rigorously  periodical  perturbation  [2,  3].  Combi¬ 
nation  of  smooth  and  oscillated  parameter  perturbations 
leads  to  additional  peculiarities  of  Bragg  scattering  [4]. 
Anisotropy  of  parameters  causes  coupling  of  waves 
with  different  polarization  [3].  In  the  present  paper  the 
mutual  transformation  of  waves  in  open  guided  struc¬ 
tures  has  been  theoretically  considered  using  a  comple.x 
form  [4]  of  the  asymptotic  method  of  Kiylov,  Bogoli- 
ubov  and  Mitropolsky  (KBM)  [5].  The  innucnce  of 
surface  waves  on  scattering  TM  and  TE  wave  beams  by 
a  surface  with  spatially  oscillated  anisotropic  surface 
impedance  has  been  analyzed.  For  some  types  of  per¬ 
turbations  analytical  solutions  to  coupled-wave  equa¬ 
tions  with  the  KBM  method  have  been  obtained  and 
exprcssioits  for  perturbed  wavenumbers  of  eigenwaves 
have  been  derived.  Comparisons  with  some  known  in 
literature  results  have  been  done.  In  general  case  the 
differential  equations  with  slowly  vaiydng  coefficients 
are  rather  easily  integrated  numerically.  Longitudinal 
distributions  of  wave  complex  amplitudes  describe  a 
combination  of  different  physical  phenomena  in  the 
considered  structure. 

METHOD  OF  ANALYSIS 

If  a  volume  wave  falls  on  a  surface  with  spatial  varia¬ 
tion  of  parameter  it  could  expect  that  scattered  field 
would  essentially  differ  from  mirror  reflected  one  only 
under  strong  distortion  of  boimdaiy'  shape.  But  if  the 
incident  wave  can  excite  surface  wave  propagating  in 
the  structure  a  reflected  wave  would  be  essentially  dif¬ 
fered  from  the  mirror  one  even  if  a  surface  perturbation 
amplitude  is  small.  In  the  paper  physical  effects  of 
coupling  of  paraxial  wave  electromagnetic  TM  and  TE 
beams  incident  on  a  surface  with  spatially  oscillated 
surface  anisotropic  impedance  and  TM  surface  wave 
propagating  along  this  surface  are  theoretically  investi¬ 
gated.  This  electromagnetics  problem  is  also  important 
when  we  consider  transmitting  antennas  that  transform 
the  surface  wave  into  the  volume  one  by  nonperiodical 
diffraction  grating  or  receiving  antenna  that  transform 
plane  wave  or  wave  beam  into  surface  wa\e.  When 


perturbation  amplitudes  are  small,  the  consideration  of 
such  a  structure  is  usually  carried  out  by  expansion  in 
space  Floquet  harmonics  or  by  perturbation  method 
based  on  overlapping  integrals  [2].  The  first  approach 
is  limited  by  rigorously  periodical  perturbation  func¬ 
tions;  the  second  one  does  not  allow  obtaining  higher 
approximations. 

In  the  present  work  the  asymptotic  method  [4]  based  on 
ideas  of  KBM  method  [5]  has  been  used.  Oscillated 
anisotropic  perturbations  are  expressed  as  sum  of  sinu¬ 
soidal  components  with  small  amplitudes  smoothly 
vaiying  along  longitudinal  coordinate.  Heat  loss  is 
taken  into  consideration  by  introducing  small  real  part 
of  impedance.  Amplitudes  of  incident  TM  and  TE  wave 
beams  are  smoothly  varied  across  the  beam.  The  same 
small  parameter  p  is  used  for  all  small  values  and  as 
smoothness  parameter.  For  the  case  when  S/cbr  =  0,  all 
components  of  electromagnetic  field  are  expressed  in 
terms  of  x  component  of  magnetic  and  electric  fields 
W,.  and  Ax-  The  potential  functions  H(y,z)  =  /A  and 
A(y,z)  =  Ax  are  determined  by  the  solution  of  the  fol¬ 
lowing  boundary-value  problem; 


d^H  d^H 
dz^  dy^ 


+  A:2a  =  0, 


(1) 


where  parameters  uy/,  w^e  and  are  expressed 
through  components  of  surface  impedance  tensor  Z. 
Impedance  parameters  as  functions  of  longitudinal 
coordinate  are  supposed  to  be  expressed  in  a  form  of 
sums  of  spatial  harmonics  of  perturbation  and  unper¬ 
turbed  constant  values.  In  the  present  paper  we  assume 
that  unperturbed  impedance  tensor  has  only  nondiago¬ 
nal  components,  so  the  following  expressions  are  valid; 
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J 

^E  =  i^xz  /(®^^)  =  ^Efi  +  PZ  ^'EJ  (P^)e^pfe;^)> 

j 

WffE  =  ^Zzz  /  H  =  P^]  ^HEj(^^)^w(!Xj^), 
j 

^xx  =-Pl]^£^.y(P^)®'‘p('^y^)> 


Here  is  a  longitudinal  wavenumber  of  beams,  A  is  a 
longitudinal  wavenumber  of  the  surface  wave,  and  p  is 
the  number  of  a  spatial  harmonic  of  the  perturbation 
ensuring  Bragg  coupling. 


where  Xj  is  a  wavenumber  of  the  yth  spatial  harmonics  - 
of  the  perturbation,  wej,  w^ej  and  we^j  are  am-  - 
plitudes  of  these  harmonics.  Alongside  with  longitudi¬ 
nal  coordinate  z  we  introduce  a'^“smooth”  variable 
C  =  Pz  (values  which  are  functions  of  C.  smoothly  vary 
along  z).  The  Bragg  resonant  coupling  of  a  surface 
wave  and  TM  and  TE  wave  beams  occurs,  when  the 
wavenumber  mismatch  T[  =  ki  +  Xp~  becomes  small, 

H  ^a,e\p{-ihz-WEi  Qy)+^afj^  +  ^yk,[ky)<ix\^{-i{}c,z-kyy)}+T„<(>a!^i^-^yk,/ky)e\'pi^i{k^z+kyy)j+ 

+  P«l  ,k^z,hz,  iz,  C,y)  +  P^  W2  k  hz,  xz,  C,  y)+ 

=  P  «£  (C  +  ?>yk,/ky  )exp(-/(A'.z  -^^y))+  Tj^P  ag  (c  -  f>yk.Jky  )e.\ir(-  i{k.z  +  kyy^+ 

+  P  vi  (<3^ ,  z,  /jz,  yz,  C,  y)  +  P  ^  vj  (a, ,  A'.z,  /)z,  xz,  y ) + . . . , 


The  solution  to  the  boundary-value  problem  (1),  (2) 
will  be  searched  as  an  asymptotic  series  on  orders  of 
small  parameter  p 


(3) 


where  Y 


(7c^+ o)/('*y  -  w//,o)  and 
Ye  ^  ([k +\)l(lk yM! E  Q -\)  are  the 
reflectivities  of  plane  waves  from  an  undisturbed 


impedance  plane,  k 


y 


y  9 

k  -  k~  ,aM  and  oe  are 


(n  =  1,  2,...)  are  2;T-periodic  versus  k^z,  hz  and  yz 
functions  to  be  found.  Complex  amplitude  of  the 
surface  wave  pursuant  to  ideas  of  Krylov-Bogoliubov- 
Mitropolsky  asymptotic  method  is  determined  by  a 
following  differential  equation: 


distributions  of  amplitudes  of  wave  beams,  u„  and  v„ 

da 


dz 


=  P  ,a)+  ,a)+ 


(4) 


where  a  =  r\z  is  phase  mismatching  from  the  reso¬ 
nance,  B„  (n  =  1,2,...)  are  27t-periodic  versus  a 
functions  fitted  from  a  condition  of  absence  of  infi¬ 
nitely  increasing  addends  (when  z  oo  and 
Ti  -»  0  )  in  and  v„..  Substituting  the  expansion 
(3)  into  the  equation  (,1)  and  the  boundaiy  condi¬ 


tions  (2)  using  (4)  and  equating  expressions  at  identi¬ 
cal  orders  of  p  ,  we  obtain  a  sequence  of  boundary- 
value  problems  for  ti„  and  \>„.  These  boundary-value 
problems  are  solved  at  the  “frozen”  values  of  and 
parameters  that  are  ftinctions  of  ^  and  fiy . 

In  the  second  approximation  on  small  parameter 
value  B2  can  be  obtained  as 


where 


(5) 


and  G2M  -  4wh-p  ky  WH,o/[(2h  +  7])(iky  -  h’;/_o)],  G2E  =  ^w^E-p  ky  w//y[(2/z  +  Tf)(iky  -  wp^o)]  ■ 


Solving  the  equation  (4)  using  (5)  it  is  possible  to  find 
a  variation  of  amplitude  of  the  surface  wave  along 


longitudinal  coordinate  z.  Then  we  obtain  the  field, 
radiated  from  the  surface. 


Proceedings  of  the  3rd  International  Conference  on  Antenna  Theory  and  Techniques,  Sevastopil,  Ukraine,  8-11  Sept.  1999 


100 


THE  PHYSICAL  EFFECTS 

Real  part  of  A2  describes  the  attenuation  caused  by  heat 
losses  and  leaking  encrg>'  of  surface  wave  into  energy 
of  volume  spatial  harmonics.  Parameters  G2J1  and 
characterize  transformation  energy  of  falling  TM  and 
TE  wave  beams  into  energy  of  the  surface  wave.  For 
lossless  impedance,  value  I  G2.H  I  does  not  change 
when  changing  directions  of  waves  propagation  or 
polarity  of  ferrite  magnetization.  But  value  |  G2^  I  can 
change  essentially  in  these  cases.  Special  choice  of 
cornigation  tilt  and  magnetization  ensures  non-zero 
value  of  G2,e  for  only  one  propagation  direction  and 
zero  one  for  opposite  direction.  General  field  radiated 
from  impedance  plane  in  mirror  direction  is  composed 
of  unperturbed  reflected  wave  and  pth  volume  spatial 
hannonic  excited  by  scattering  surface  wave  on  the 
surface  impedance  perturbation. 


In  simple  particular  case  of  strictly  sinusoidal  distur¬ 
bances  and  strictly  plane  falling  w'ave  we  can  write  the 
expression  for  complex  amplitude  of  surface  wave  as 

=-exp(-/riz)(n//G2,/./  +<3irG2,£:)/(A2 

Some  physical  effects  observed  in  the  structures  with 
perturbed  isotropic  surface  impedance  have  been  dis¬ 
cussed  in  [6].  Anisotropy  of  perturbation  allows  to 
couple  waves  with  different  polarization.  Gyrotropy  of 
impedance  causes  nonreciprocity  of  reflection  tensor. 
In  particular  case  the  considered  stnicture  can  serve  as 
circulator  concerning  incident  and  reflected  TM  and 
TE  plane  waves. 

Distortion  of  rigorous  e.xponentiality  of  perturbations 
and  incident  wave  changes  physical  pattern  in  princi¬ 
ple  -  the  amplitude  of  a  surface  wave  varying  from  “ 
minus  infmit}'  ”  enters  into  operation.  In  this  case  the 
solution  of  the  equation  (4)  has  a  form: 


a^(z)  =  exp(  I 


t  7 

Z  {  \  ^  '1 

fl^,(-oo)+  J  P^(rr/fG2  ^ +rr£G2  ^jexp  -/qz-  JP  A2C/Z 


-  CO 


The  considered  structure  can  be  used  as  nonreciprocal 
reflector,  transmitting  or  receiving  antenna.  It  is  very' 
important  that  antenna  patterns  for  reception  and 
transmission  are  essentially  different.  Special  choice  of 
parameters  allow  to  use  the  structure  as  circulator  con¬ 
cerning  surface  waves  and  TE  wave  beams. 

CONCLUSIONS 

Combination  of  various  perturbations  considered  above 
can  secure  extremely  wide  possibilities  of  wave  trans¬ 
formations.  Asymptotic  methods  based  on  method  of 
Kiylov,  Bogoliubov  and  Mitropolsky  have  wider  field 
of  applications  than  Floquet  or  coupled-wave  methods. 
Formulas  obtained  in  the  work  can  be  used  for  analysis 
of  radio-wave  scattering  by  structures  with  small  sur¬ 
face  nonperiodically  oscillated  perturbations  of  pa¬ 
rameters  and  for  designing  reflectors  and  leaky-wave 
antennas  or  nonreciprocal  devices  which  combined 
some  functions. 
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INTRODUCTION 

In  open  periodic  'waveguiding  structures  Bragg  scat¬ 
tering  can  be  observed  in  different  forms  [1].  Type  of 
the  wave  transformation  depend  on  from  a  value  of 
perturbation  period.  If  a  perturbation  wavenumber  is 
twice  as  large  as  longitudinal  wavenumber  of  surface 
wave,  then  coupling  of  two  surface  waves  with  opposite 
propagation  directions  occurs,  that  is  reflection  of  sur¬ 
face  waves  is  observed  [2].  If  a  wavenumber  of  tlie 
perturbation  is  equal  to  difference  of  longitudinal 
wavenumbers  of  surface  and  volume  waves  then  a  cou¬ 
pling  of  these  waves  secures,  that  is  why  we  can  obtain 
output  of  radiation  from  structure  [3].  Open  inhomoge¬ 
neous  structures  become  more  interesting  and  useful 
when  parameter  perturbation  is  not  periodic.  If  ampli¬ 
tudes  of  spatial  harmonics  of  perturbation  are  not  con¬ 
stant,  input  of  incident  radiation  into  open  waveguide  is 
possible  [4].  It  is  theoretically  and  practically  important 
to  consider  combination  of  these  phenomena  [5]  .  Such 
a  combination  is  more  easily  achieved  for  not  equidis¬ 
tant  wavenumbers  of  perturbation  space  harmonics. 

In  the  present  paper  physical  effects  of  coupling  of 
waves  at  plane  with  spatially  oscillated  surface  imped¬ 
ance  are  theoretically  investigated.  A  combination  of 
two  processes  is  investigated.  The  first  process  is  re¬ 
flection  of  surface  waves  propagating  along  impedance 
surface.  The  second  process  is  an  input-output  coupling 
of  incident  paraxial  wave  electromagnetic  beam  with 
both  surface  waves.  This  electromagnetics  problem  is 
important  for  consideration  of  devices  combining  func¬ 
tions  of  antenna  and  microwave  generator. 

METHOD  OF  ANALYSIS 

In  the  present  work  an  asymptotic  method  [6]  based  on 
ideas  of  KBM  method  [7]  has  been  applied.  Oscillated 
perturbation  is  assumed  to  be  e.xpressed  as  sum  of  sinu¬ 
soidal  components  with  small  amplitudes  smoothly 
varying  along  longitudinal  coordinate.  Heat  loss  is 
taken  into  consideration  by  introducing  of  small  real 
part  of  impedance.  Incident  wave  beam  amplitude  is 
smoothly  varied  across  beam.  The  same  small  nondi- 
mensional  parameter  p  is  used  for  all  small  values  and 
as  smoothness  parameter.  For  tlie  case  of  TM-waves  all 
components  of  electromagnetic  field  are  expressed  in 
tenns  of  x  component  of  magnetic  field  H.  The  function 


H(y,z)  =  H,  is  determined  by  the  solution  of  the  fol¬ 
lowing  boundaiy'-value  problem: 


dz^ 


dy^ 


(1) 


fm 


+ 


J.! 


=  0> 


(2) 


where  and  p^vty,  are  amplitudes  of  the  perturbation 
harmonics,  and  are  their  wavenumbers. 

The  Bragg  resonant  coupling  of  each  surface  wave  and 
wave  beam  occurs,  when  the  wavenumber  mismatches 
(s  1)  become  small.  Here 
is  a  longitudinal  wavenumber  of  the  beam,  /?  is  a  lon¬ 
gitudinal  wavenumber  of  the  surfiice  wave,  and  pvfj)  is 
integer-value  fiinction  that  coincide  with  the  number  of 
a  spatial  hannonic  of  the  perturbation  ensuring  Bragg 
coupling.  The  Bragg  reflection  of  a  surface  wave  is 
observ'ed  if  wavenumber  mismatches  =  -  Ih^-xi  - 
arc  close  to  zero.  Combinational  resonance  for 
reflection  process  is  considered  because  in  this  case 
reflection  and  radiation  have  the  same  order  of  influ¬ 
ence  on  the  amplitudes  of  the  surface  waves. 

The  solution  of  the  boundaiy-value  problem  (I),  (2) 
w'ill  be  searched  as  an  asymptotic  series  on  orders  of 
small  parameter  p 

2 

e>:p(- ihs^  "  »’>')+ P<7;/  (c  +  ^yk.jky)^ 

X  exp  (-  ik^z  +  ikyy) 

+  rpr!;^^  (C-pWrt/*^)exp(-;A:_,z  +  ^^>')+  (3) 

+  P'fi  («i ,  ^2  >  k,  z,  hz,xz,  ^,y)  + 

+  P^"2  (^1 .  «2  ^krZ,  hz,  X  z,  C,,v)  + . . ., 


where  k y  =  -  k}  is  transx'erse  wavenumber  of 

the  beam,  fjz  is  a  «smooth»  variable  (values  that  are 
functions  of  C  smoothly  vary  along  z). 
r  =  {ik  y  +  y  -  11')  is  the  reflection  coeffi¬ 

cient  of  a  plane  wave  from  an  undisturbed  impedance 
plane,  is  distribution  of  amplitude  of  the  wave  beam, 
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M„  (n  =  1,  2,...)  are  2;r-pcriodic  versus  Avz,  h,z  and  jj-z 
functions  wliicli  are  being  a  subject  to  determination. 
Complex  amplitudes  of  the  surface  waves  pursuant 
to  ideas  of  the  Krylov-Bogoliubov-MitropoLsk}'  asj'inp- 
totic  method  is  determined  by  the  following  diflercntial 
equations: 

,4, 

+  P^^i,2('^l’«2’^’“)+  •••’ 

where  a  =  T]z  are  phase  mismatches  from  the  reso¬ 
nances,  B„(n  =  1,2,.,.)  are  2Tr-periodic  versus  a  func¬ 
tions  fitted  from  a  condition  of  absence  of  infinitely 
increasing  addends  (when  z  ->  oo  and  rj  ->  0  ) .  in 

Un  . 

Substituting  the  e.xpansion  (3)  into  the  equation  (1)  and 
the  boundary  conditions  (2)  utilizing  (4)  and  equating 
expressions  at  identical  orders  of  P ,  we  obtain  a  se¬ 
quence  of  boundary-value  problems  for  u„ .  These 
boundary-value  problems  is  solved  at  the  «frozen» 
values  of  and  parameters  that  are  functions  of  C  and 

Py. 

As  the  first  approximation  on  a  small  parameter  the 
solution  has  a  form 


.s=l  ; 


Bi=0,  (5) 

where  the  transversal  wavenumbers  of  spatial  har¬ 
monics  of  the  field  are  determined  from  the  relations 

fc./  =  -K  +x,f, 

Re(k_y  y))0  ,  if  Rc^kj  j^O  (radiated  harmonics), 

or  Im(t^  j){0  ,  if  Re(^A-^^y  j(0  (surface  hannonics). 

Total  radiated  field  consists  of  three  parts  -  the  first 
part  is  undisturbed  reflected  field,  the  second  and  the 
third  ones  are  volume  space  hannonics  exited  by  scat¬ 
tering  of  forward  and  backward  surface  waves  on  per¬ 
turbations  of  the  surface  impedance.  It  is  necessary  to 
pay  attention  to  that  if  q  =  0  the  pv(l)-th  volume  har¬ 
monic  associated  with  the  forward  surface  wave  and  the 
pv(2)-th  volume  harmonic  associated  with  the  back¬ 
ward  surface  wave  are  radiated  in  the  same  direction  as 
mirror  reflected  beam.  Proceeding  from  this,  it  is  possi¬ 
ble  to  enter  the  resultant  amplitude  for  field  radi¬ 
ating  in  a  mirror  direction  by  tlie  fonnula 


(  f'n(Z'^'z)pu'pv(.s) 


(6) 


In  the  second  approximation  on  small  parameter  value 
Bs,2  can  be  obtained  as 

=^sA,2  +e-xp(-/nK,i-2K,2,K  + 

I 


where 


Gs,2y  ~  4u'//U'_  pv{4)  ky  wl{{2hs  +  q  v,s)(iky  vr)], 


Gs,2,s,i  —  rr?3.s2v('ps(s,i)  Wi  ii’/[(2/7^  +  q  s,s,d0^3-s,i  ^)]> 

Solving  the  equation  (4)  using  (7)  makes  possible  to 
find  change  of  amplitude  of  the  surface  wave  along 
longitudinal  coordinate  z.  Then  we  define  the  field 
radiated  from  the  surface  in  a  mirror  direction  with  the 
formula  (6)  and  for  unmirror  waves  from  the  formula 
(5). 

Obtained  solution  is  valid  for  small  and  not  small  val¬ 
ues  of  q.  So  we  do  not  need  to  splice  resonant  and  non¬ 
resonant  asymptotics. 


THE  PHYSICAL  EFFECTS 

Imaginary  part  of  A.,-2  is  a  perturbed  addition  to  the 
phase  coefficient  of  propagation  of  the  ith  surface 
wave.  Real  part  of  A, -2  describes  the  attenuation  caused 
by  heat  losses  and  leaking  of  energy  of  surface  wave 
into  energy'  of  volume  spatial  harmonics.  Parameters 
Gsxy  characterize  transformation  energy  of  incident 
TM  wave  beam  into  energy  of  the  forward  or  backward 
surface  wave.  Parameters  G^^xs.i  determine  intensity’  of 
the  reflection  process  of  the  surface  waves. 

In  simple  particular  cases  of  strictly  sinusoidal  distur¬ 
bances  and  strictly  plane  falling  wave  wc  can  obtain 
analytical  solutions  of  equation  system  in  exponential 
forms.  If  the  incident  volume  field  is  absent  we  find  tlie 
expression  for  eigenwaves  and  eigen  wavenumbers. 
Each  eigenwaves  consist  of  both  surface  waves  and 
small  additional  space  harmonics.  Each  of  these  har¬ 
monics  has  surface  or  radiated  nature.  Perturbed  lon¬ 
gitudinal  wavenumber  has  an  imaginary  part  caused 
not  only  by  heat  and  radiation  losses  but  also  by  Bragg 
reflection.  If  the  incidentplane  wave  is  available  am¬ 
plitudes  of  exited  surface  waves  are  derived  from  sys¬ 
tem  of  algebraic  linear  equations.  If  one  of  the  values 
qj/j.  or  both  of  them  become  small,  the  amplitudes  of 
surface  waves  sharply  raised.  In  this  case  waves  radi¬ 
ated  from  impedance  plane  are  far  from  being  similar 
to  unperturbed  ones. 
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If  the  perturbation  amplitudes  are  not  constant  physical 
processes  in  considered  stnicture  become  more  compli¬ 
cated  and  interesting.  The  amplitudes  of  surface  wave 
going  from  «infmities»  must  be  taken  into  account.  If 
only  one  surface  wave  is  exited  an  analytical  solution  of 
system  of  differential  equation  (4)  can  be  obtained  [8]. 
It  hqs  been  shown  that  for  input-output  of  cophased 
wave  beams  not  only  the  amplitude  of  the  perturbation 
hannonics  [4]  but  also  its  phase  must  be  proper 
In  general  case  this  system  can  be  integ'‘"^~'^ 
merical  method. 

CONCLUSIONS 

Non-periodic  perturbations  considered  above  provide 
rich  possibilities  for  different  types  of  transformations 
of  surfa'-  waves  and  volume  wave  beams.  Asymptotic 
metho'S  based  on  metliod  of  Krylov,  Bogoliubov  and 
Mit^polsky  allow  to  obtain  solution  common  for  reso- 
nan  and  non-resonant  bandff.  Presented  approach  can 
b  developed  for  theoretical  analysis  of  other  open 
,nliomogteiicous  waveguiding  structures.  Obtained  for¬ 
mulas  can  be  especially  useful  for  designing  of  devices 
which  combine  functions  of  reflectors  and  leaky'-wave 
antennas. 

REFERENCES 

1.  C.  Elachi,  "Waves  in  active  and  passive  periodic 
stnictures:  A  review,"  Ptoc.  IEEE,  vol.  64,  pp. 
1666-1698,  Dec.  1976. 

2.  Li  Zong-Weng,  Zhang  Wen-Xun,  «Design  and 
performance  of  the  millimeter  M'avc  DBR  Gunn  os- 
cillators»  IEEE  APET-S.  1986  Intern.  KficroM’cn’e 
Symp.  Dig.  pp.  531-534.  1986. 


3.  S.  Erkin,  N.  S.  Chang,  H.  Maheri,  and  M. 
Tsutsumi,  ((Characteristics  of  millimeter-wave  ra¬ 
diation  in  a  corrugated  ferrite  slab  stnjcture»  IEEE 
Tram.  Micr’^'^'ave  Theory  Tech.,  vol.  MTT-36,  pp. 
568-57X  March.  1988. 

4  iVf.  K.  Barnoski,  Introduction  to  Integrated  Optics. 
New  York  and  London.  1974. 

5.  B.  S.  Song,  T.  Itoh,  ((A  distributed  feedback  di¬ 
electric  waveguide  oscillator  with  a  built  leaky- 
wave  antenna»  IEEE  AfTT-S.  1986  Intern.  Alicro- 
wave  Symp.  Dig.  pp.  217-219.  1979. 

6.  V.  F.  Borulko,  "Polarization  and  mode  conversions 
in  nonperiodically  cornigated  waveguides  with  a 
gyrotropic  filling,"  in  Proceeding  of  the  1995  URSI 
International  Symposium  on  Electromagnetic  The¬ 
ory  (St.  Petersburg,  Russia)  May,  1995,  pp.  729- 
731. 

7.  N.  N.  Bogoliubov,  Yu.  A.  Mitropolslcy,  Asymptotic 
ATethods  in  the  Theory  of  Nonlinear  Oscillations. 
New  York  1961. 

8.  V.  F.  Borulko,  V.  E.  Ivanilov  ((Coupling  of  wave 
beam  with  surface  wave  at  oscillated  perturbation 
of  surface  impedance»  in  Proc.  ofXXVIlIAToscow 
International  Conference  "Antenna  theory  and 
techniques".  -  Moscow'  (Russia),  pp,  180-183. 
1998. 


Proceedings  of  the  3rd  International  Conference  on  Antenna  Theory'  and  Techniques,  Sevastopil,  Ukraine,  8-11  Sept.  1999 


104 


ON  THE  SYNTHESIS  OF  ANTENNAS  WITH  AN  OPTIMAL  RATIO 
BETWEEN  THE  DEMAND  FACTOR  AND  THE  ANGLE 
OF  CONCENTRATION  OF  THE  RADIATED/RECEIVED  POWER 
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107258,  Moscow,  1st  Biiclivostova  str.,  1 1/12, 
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The  demand  factor  (Kk)  introduced  in  [1]  is  equal  to  the 
ratio  between  the  power  radiated  by  an  antenna  in  some 
solid  angle  to  the  total  radiated  power.  If  we  define  the 
solid  angle  as  the  angle  corresponding  to  the  lobe  of  the 
radiation  pattern  (RP),  then  the  demand  factor  is 
uniquely  defined  by  the  diffusing  factor  (K/,  Kk  =1-Kr) 
which  is  equal  to  the  ratio  of  the  power  radiated  in  the 
direction  of  the  side  lobes  to  the  total  radiated  power 
|2].  In  general,  both  the  demand  factor  and  the  angle  of 
concentration  have  independent  values.  In  [3]  it  was 
shown  that  the  power,  received  by  an  antenna  of  a  ra¬ 
diometric  research  station  (RMS)  under  realistic  condi¬ 
tions  docs  not  depend  on  the  antenna  size  and  is  pro¬ 
portional  to  Kk,  and  the  solid  angle  (fij)  coincides  rvith 
the  angular  discrimination  of  the  RMS.  The  values  are 
similar  for  radar  installations  with  continuous  radiation 
[4]  with  a  fixed  system  of  radiation  pattern  on  recep¬ 
tion,  and  also  in  some  active  radio  ecological  stations. 

A  study  of  the  existing  literature  (partlially  cites  in  [3], 
[11])  has  shown  that  antenna  arrays  with  rectangular  or 
circular  apertures  are  frequently  used  in  RMS's  and 
aforementioned  radar  instalations  (RI).  Radiation  pat¬ 
tern  are  symmetric  in  the  main  planes  and  are  axially 
symmetric  for  circular  aperture.  In  this  work  we  will 
address  apertures  of  this  types. 

The  relation  of  Kk  and  Q*  with  other  characteristic  of 
Uie  antenna  are  investigation  detail  in  [3].  When  using 
results  of  [5]  and  [6]  in  [3],  it  was  also  shown  that  in 
order  to  estimate  the  influence  of  random  errors  on  the 
value  Kk  one  can  use  formula  for  the  fall  of  falling  with 
respect  to  the  directive  gain  of  the  antenna. 

In  order  to  ensure  the  best  characteristic  for  RMS's  and 
certain  RI's  the  value  of  Kk  must  be  at  its  maximum, 
and  Qk  must  be  as  small  as  possible.  The  leads  to  a 
contradiction  and  we  have  two  optimal  symthesis  prob¬ 
lems: 

1)  calculating  the  distribution  in  an  antenna  aperture  to 
ensure  the  maximum  of  Kk  for  a  given  D*; 

2)  calculating  the  distribution  in  the  aperture  mini¬ 
mizing  £2*:  for  a  given  Kk. 

This  problems  of  finding  the  conditional  extremum  of 
Kk  or  £2*  are  considered  in  the  present  w  ork. 


PRELIMINARY  CONSIDERATIONS 

In  general,  these  problems  can  be  solved  using  the 
method  of  synthesis,  or  the  method  of  partial  diagrams 
of  RP  [12],  In  this  method,  the  RP  in  question  is  repre¬ 
sented  as  a  sum  of  partial  RP's  with  unknown  excitation 
factors,  and  the  amplitude  distribution  is  represented  as 
a  sum  of  partial  distributions,  i.e. 

;=1 

and 

/=! 

The  demand  factor,  Kk.  is  defined  by  the  ratio  between 
the  power  P^-  which  is  radiated  by  the  antenna  in  the 
corresponding  angle  £2*,  and  the  total  power ,  i.e.  Kk 

The  pow'ers  are  proportional  to  the  integrals  of  the 
squared  absolute  value  of  the  total  RP  in  the  corre¬ 
sponding  angles.  They  are  quadratic  forms  [10]  with 
respect  to  the  excitation  factors. 

If  we  assume  that  partial  RP's  are  real  functions,  Then 
we  can  show  that  the  optimal  value  of  is  achieved  if 
coefficients  z,  take  real  values,  i.e.  z,  =  Xj.  The  fact  that 
Zi's  are  real  is  also  confirmed  by  results  of  the  related 
studies  [7,  8  and  13].  Using  the  conventional  notations 
for  quadratic  forms,  we  can  w'rite: 

n 

P,  =  A(x,x)=  J^Ai.jXix/; 
k/=i 

n 

Pv  =B{x,x)=Y. 

ij 

The  coefficients  are  defined  as 

A,j=  j/u(0,cp)P}(9,q))r/Q  and 

5„  =  jP,(eAP)^/(0AP)f«  (3) 

n- 
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As  a  result  of  this  relations,  the  problems  are  reduced  to 
finding  the  urJcnown  coefficients  which  lead  to  the 
maximal  value  of  K„  (minimal  value  of  Cly)  for  a  given 
Q-k  (K).  As  it  was  mentioned  before,  these  are  problems 
of  finding  a  conditional  extremum  and  they  can  be 
solved  by  the  method  of  Lagrangean  multipliers  [14], 
However,  for  the  first  problem  it  is  more  convenient  to 
use  some  results  from  die  theory  of  quadratic  forms  [10], 

SOLUTION  OF  THE  FIRST  PROBLEM 

First  we  will  remind  the  reader  of  some  relevant  results 
from  the  theoiy  of  quadratic  fonns  [10], 

A  real  quadratic  fonxiA(x,x)  takes  stationaiy  values  on 
those  vectors  from  a  unit  sphere  which  are  eigenvectors 
of  the  matrix  A,  The  stationary  values  of  the  quadratic 
form  are  equal  to  the  eigenvalue  of  the  matrix  A  The 
maximal  (minimal)  stationary  value  corresponds  to  the 
largest  (smallest)  eigenvalue.  Two  real  quadratic  forms 
A(x,  x)  and  B(x,  x)  define  a  bundle  of  quadratic  forms 
A(x,  x)-W(x,  x),  where  2  is  a  parameter.  If  the  form 
B{x,  x)  is  positive  definite,  then  the  bundle  is  called  a 
regular  bundle.  The  equation  A-2Ji  =  0  is  called  the 
characteristic  equation  of  tlie  bundle  of  forms.  A  char¬ 
acteristic  equation  always  has  n  real  roots  (characteris¬ 
tic  numbers)  which  correspond  to  the  principal  vectors 
=  (x/.  x/  ...  xj‘),  where  k  -  1,2.. .n.  The  smallest 
(largest)  characteristic  number  A,  (,X„)  is  equal  to  the 
minimum  (maximum)  of  the  ratio  of  the  forms. 

If  the  partial  RP's  are  orthogonal,  then  the  total  radi¬ 
ated  power  is  equal  to  the  sum  of  the  squares  of  the 
excitation  factors  up  to  a  constant  coefficient  d^,.  B(x.  x) 
can  be  reduced  to  its  nonnal  form  by  means  of  dividing 
the  forms  x)  and  B(x,  x)  by  d^.  Next,  we  can  as¬ 
sume  that  B(x,  x)  =  \  and  deduce  that  the  demand  fac¬ 
tor  is  equal  to  A(x,  x).  Therefore,  by  the  first  extremal 
property  of  quadratic  forms,  where  - 

is  tire  largest  eigenvalue  of  the  matrix  A  which  corre¬ 
sponds  to  the  quadratic  fonn  A(x,  x),  and  the  vector  of 
excitation  factors  is  equal  to  the  eigenvector  of  the 
matrix  which  corresponds  to  the  largest  eigenvalue. 

If  the  partial  RP's  are  not  orthogonal  and  the  form  B  is 
not  of  the  nonnal  type,  then  for  the  calculation  we  can 
use  the  second  extremal  property  of  quadratic  fonns  (a 
bundle  of  forms).  In  this  case,  the  maximum  of  the 
ratio  of  the  fonns  is  equal  to  the  largest  characteristic 
number  of  the  bundle  of  fonns,  and  the  vector  of  exci¬ 
tation  factors  is  equal  to  the  principal  vector  corre¬ 
sponding  to  this  characteristic  number. 

SOLUTION  OF  THE  SECOND  PROBLEM 

The  problem  is  now  finding  the  unknown  vector  x 
which  leads  to  the  minimum  value  of  Clt  with  a  given 
Kk.  The  solution  can  be  obtained  by  using  the  La¬ 
grange's  method  [14],  Namely,  we  can  w'rite  down  the 
functional 


(ly  =  n^,+X(£xi-l),  (4) 

(=1 

where  X  is  the  Lagrangean  multiplier.  can  be  deter¬ 
mined  from  the  equation  L=A{x,  x)-  Kk  B(x,  x)  =  0. 

After  differentiating  equation  (5)  with  help  of  [14]  we 
obtain  the  system  of  equations 

n  n 

^  (A  i.  k  -  Kf.  Bi.  k)xk  -\-X  'y  Fi(Uk)Fk(Uk)XiXk  =  0, 
k=\ 

i  =  1,2.../7  (5) 

The  s>'stem  of  equations  contains  a  term  which  is  the 
same  for  all  the  equations.  It  is  the  the  second  term 
which  is  a  sum  multiplied  by  the  unknowm  Z.  We  can 
replace  this  product  by  a  new  unknowm  /r  and  finally 
get 

£(.4,,-/f,R,Av*  +  //  =  0;§x  =  \\A(x,x)-K,B(x,x)  =  0 

i=\  1=0 

(6) 

where  w'e  took  into  account  the  equation  L=  A{x,  x)~  Kk 
B(x,  x)  =  0  wiiich  defines  the  implicit  function  Q*. 

PARTIAL  RADIATION  PATTERNS 
AND  DISTRIBUTIONS 

For  the  tjpes  of  antennas  considered  here,  w'e  can  re¬ 
strict  ourseh'es  with  the  case  where  the  RP's  only  de¬ 
pend  on  one  angle.  Then  the  Kk  for  rectangular  aper¬ 
tures  is  equal  to  the  product  of  the  Kt  for  tw'o  linear 
antennas.  The  AT  for  a  circular  aperture  can  be  obtained 
directly. 

Radiator  Lattice 

For  our  s>  stein  of  partial  RP's  w'e  chose  the  RP's  of  two 
symmetrical  radiators,  i.e. 

/^(w)  =  cos((/-t-y)w)  or  Fi(ti)  =  cos(iti)  (7) 

corresponding  to  an  even  or  an  odd  number  of  radia¬ 
tors,  w  =  A'f/sin0.  Here  0  is  the  angle  w'ith  respect  to 
the  aperture,  d  is  the  radiator  step,  k  is  the  w'ave  num¬ 
ber  and/=0,l,2.,./7-  1. 

In  this  case,  the  currents  in  the  radiators  are  equal  to  a 
half  of  the  excitation  factors  for  /  0  .  The  current  in 
the  zeroth  radiator  is  equal  to  the  excitation  factor  (for 
an  odd  number  of  radiators). 

Continuous  Distribution  with  a  Linear 
(Rectangular)  Apci-ture 

,  .sin(7./ -to)  sin(M  +  TO), 

Fi(ii)  =  e,.( — -  ■ - ^) , 

u-m  u+m 
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fl/2,/=0 

I  1,'>0 


711 

cosily) 


(8) 


/  =  0,1,2...  w  -  1;  M  =  A7sin0  (/ is  a  half  of  the  lenglit  of 
antenna). 


Circular  Aperture  [9] 


^00  = 


2./i(»)  ^1,1 

/o(a,)-/2(c^,)  U-O-i  M  +  cx, 
a 


(9) 


where  w  =  /.-(7sin0,  is  a  Bessel's  function,  a -is 

the  aperture  radius,  a,  are  roots  of  the  Bessel's  fiinc- 
tion,  i.e.  J](a,)  =  0. 


Fig.  1  Optimal  radiation  patterns 


RESULTS  AND  SOME  STUDIES 
OF  OPTIMAL  DISTRIBUTION 

Using  the  method  outlined  above  w'c  calculated  the 
dependencies  of  AT*  on  [/*  and  14-  on  Kt.  In  our  calcula¬ 
tions  we  considered  rectangular  apertures.  For  continu¬ 
ous  distributions  we  studied  both  rectangular  and  cir¬ 
cular  apertures. 

Let  us  assume  that  the  angle  14  is  normalized  with 
respect  to  the  width  of  the  antenna  at  the  zeroth  level 
and  the  distribution  is  unifonn  in  the  aperture.  Then 
the  analysis  of  our  results  shows  that  the  optimal  de¬ 
pendence  of  Kk  on  the  angle  14,  is  universal  and  does 
not  depend  on  the  size  or  the  tyirc  of  the  aperture  as 
they  vary'  over  a  wide  range.  Moreover,  it  does  not 
depend  on  which  parameter  is  given  and  which  is  being 
varied.  Such  optimal  dependence  is  presented  in  Table 

1.  Using  this  table  one  can  detennine  the  optimal  value 
for  Uic  given  Kk  and  vice  versa.  Note  that  the  optimal 
distribution  is  obtained  more  easily  using  the  method  of 
the  first  problem  for  personal  computer  and  results  of 
[15]. 


Table  1 


Uk 

0.5 

0.6 

0.7 

0.8 

0.9 

Kk 

0.612 

0.74 

0.835 

0.900 

0.932 

Uk 

1.0 

1.1 

1.2 

1.3 

Kk 

0.967 

0.982 

0.990 

0.995 

In  the  work  we  also  investigate  the  optimal  amplitude 
of  the  distributions  and  the  RP  for  antennas  of  the  ty'pe 
mentioned  above.  For  instance,  the  optimal  RP's  for  a 
rectangular  aperture  are  given  in  Fig.  1.  The  notation 
P,„„,  corresponds  to  the  normalized  Uk  =1,3;  /4;m-  to  Uk 
=  1;  Ps2m-  to  Uk  =  0.7,  and  Ptm-  to  a  unifor  distribution. 
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SCATTERING  PLANE  ELECTROMAGNETIC  WAVE  BY  CRUCIFORM 
ELECTRICAL  DIPOLE  WITH  A  LOAD 

D.  D.  Gabi  teryan,  T.  V.  Perctyatko 

Rostov  Military  Institute  of  Missile  Corps, 

Rostov-on-Don,  344027,  Russia 


The  problem  of  scattering  the  plane  electromagnetic 
wave  by  antenna  array  is  not  only  of  theoretical  ur¬ 
gency,  but  also  of  practical  importance.  The  solution  to 
this  problem  for  the  case  of  linear  dipole  is  considered 
in  a  number  of  papers,  for  example  in  [1-4],  However, 
the  solution  to  the  considered  problem  for  the  case  of 
other  types  of  radiators  is  of  interest  as  well.  One  of 
such  types  of  radiators  includes,  for  example,  cnicifonn 
electrical  dipoles. 

The  aim  of  the  report  is  solution  to  the  problem  of 
scattering  the  plane  electromagnetic  wave  by  a  cruci¬ 
form  dipole. 

Let's  discuss  the  symmetrical  cruciform  electrical  di¬ 
pole  excited  by  the  incident  plane  electromagnetic 
wave.  The  direction  of  wave  falling  is  6o,  cpo.  The  vec¬ 
tor  of  electric  field  strength  in  the  incident  wa\'e  has 
only  G-  or  cp-  component.  The  dipole  arms  are  oriented 
along  axes  Ox  and  Oy.  The  dipole  arm  length  is  ^  and 
the  radius  is  a.  The  center  of  the  dipole  is  at  point  0 
with  coordinates  Xg,  jy«.The  load  connected  to  dipole  is 
W.  It  is  needed  to  find  the  current  distribution  in  dipole 
arms.  The  geometry  of  the  problem  is  presented  in 
Fig.  1. 


Fig.  1.  Problem  geometry 


The  scattered  electric  field  should  satisfy  the  Helmgoltz 
equation  and  the  condition  of  radiation.  When  solving 
the  problem,  we  take  into  account  the  boundary  condi¬ 
tions  for  electric  field  on  the  dipole  surface.  The  tan¬ 
gential  component  of  the  electric  field  must  be  equal  to 
zero.  In  this  case  we  obtain  the  folloMng  equation  [2] 


'E,{r)^ETHr)  =  lHr)mr)  . 


\Ey(r)  =  Eyy(P)  +  Eyx(^) 

In  the  expression  (1)  E,^Os  the  contribution  of  current 
along  s-arm  of  dipole  to  iT^-component  of  the  electric 
field  strength  (s  =  x,y,  ^  =  x,  y). 

Let  the  unknown  current  distribution  in  the  dipole  be 
presented  as  superijosition  of  the  basic  functions,  which 
turn  to  be  equal  to  zero  at  ends  of  the  dipole  arms. 

/^(F)  =  //(/“) +7jf(F),  (2) 

//(F)  =  /,  Z  ^ - ^)  + 


sin(^^)}S(y' -yo)^(z') 

-  ”  ^(my-0.5)Cy'-yo) 

//(F)=/^  Z  H',fcos( - ^ - ) 

»ly  =  l  ■  ^ 

shi-^)}S(x'  -xo)Siz') 


Taking  into  account  expressions 
Ex”’^  (P)  -  Eq  exp(//orsin0coscp)  x 


(F)  =  Eq  exp(/7v'xsin0sincp)  x 


[cosGcoscp  for  x  =  0 
[-sincp  forx  =  T 

cosGsincp  for  x  =  G 
cosrp  forx  =  cp 
(3) 


A'here  Eq  is  the  electric  field  strength  in  the  incident 
kvave  front. 

From  (1)  there  follows  the  system  of  two  integral  equa- 
dons  for  currents  in  the  dipole  arms,  placed  along  axes 
Ox  and  Oy. 

Ef.f.(P)  =  (k^  +■^^1  (4) 
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(r)G{r,r\l))dr'  (5) 

oqos  ^ 

^  =  x,y,  s=y,x 

If  we  insert  an  operator  of  partial  derivatives  as  inte¬ 
grand  and  perfonn  integration  by  parts,  we  exclude  the 
second  derivative.  Going  from  the  double  integrals  to 
unitary  ones  pennits  to  decrease  the  number  of  calcula¬ 
tions. 

The  solution  to  the  system  of  integral  equations  with 
the  help  of  the  Bubnov-Galerkin  method  enables  to 
reduce  this  system  to  the  follovang  system  of  linear 
algebraical  equations 


x(G(f ,  r'{e  +  ^0' ))  -  )))d^ 


♦ 


X  sin( - 

£ 


■)Q{r  J'{s))dsd4 


fit  ^  ^  p  p 

5  £  e 


;r(m.-0.5)(^-^o) 
X  sin( - 


■)G(f,f'{s))dsd^ 


4 


(6) 


nirl  ^  ^  r>lni  ^  "V  "V 


"V 


The  coefficients  of  the  system  of  linear  algebraical 
equations  are  determined  as  follows 

ni  th^  Tirdf-QS^P -^) 

xcos( - S - - —)Girj'(^'))d^'d^+ 


ni.  mi  .  (-Ho  mUP-^) 

G^^Gm-i-f-f)  I  i 

xsin(— - )G{rJ'i4'))d^'d^- 


~j  i  ^ 

x(G(r .  F'(^  +  ^  0, ))  -  G(r ,  f  \-l  +  ^o' 
f  sm\—^ - )d^ 


xcos( - - - )G{f  ,f'{s))dsd^  (7) 


where  Green's  ftmetion  is  determined  as 


7(n^-Q5i) 

J 


^Tdp^-OS))  ]  OOBC 
-£■*4) 


i 


)x 


G{7,r')  =  {An)  *  exp(-/Ar)  /  Ar 

r  =  ((x'-xq)^  +(.y'  -yo)^  +(^’  ~"o)^ 


♦(G(r ,  ¥•{£  +  ^0' ))  +  Qir,  ¥'{-£  +  )))d^ - 

_  I  cos  ( - ^ ^ - )d^ 


)x 


n(mr-03)(^-io)  « 

xcos( - i— ^ - -)8(r,r’(^'))d^'d^- 


~y  J  H - X-D^x 


k  =  271  /k  is  the  wave  number. 

The  right  part  of  the  system  is  presented  in  the  follow¬ 
ing  fonn 

►  =  (-1)"^'''’2£q  cos  t?o  sunpo  exp(/avsin0Q  cos^^q) x 


ntx 


n{m^  -03) 


cos(A:fccsm  00s  ^0 ) 


-(sin  Bq  cos (Pq 


nm^  sin(A:dvsin  Oq  cos  (p^ ) 

^  -{sin0oCosfPo)^+(“)^ 


(8) 
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Jtp 

mx 


^  (_1)  "ix+i  2£'o  (-  sin  )  exp{faxsin  cos  )  >^ 


03)  oosCAfesin  cos  ) 

e 

2  fdmj,-0.5)n 

-{sin6»o0os$)o)  +(  ^  ) 

■  ^x 

sin(Agxsin0Q  oos^^o) 

i 

-<sini9ocosipo)  +(-7-) 

t  J 

(9) 


The  expressions  (7  -  9)  completely  describe  the  system 
of  linear  algebraical  equations  (6)  and  permit  to  find 
the  eurrcnt  distribution  inside  the  eniciform  electric 
dipole,  load  by  W.  The  case  of  the  plane  wave  falling 
from  direction  Go,  (po  is  considered  here.  Then  the 
scattering  properties  are  defined  simply.  The  control  of 
computed  results  correctness  and  reliability  of  relations 
was  performed  by  the  comparison  with  tlie  known  data 
[1],  [3],  [4].  Calculated  values  of  input  resistance  and 
current  distribution  coincide  with  the  results  in  [1],  [3]. 

These  relations  can  be  used  for  calculation  of  the  pat¬ 
ient  of  scattering  for  the  cruciform  electric  dipole  for 
various  parameters  of  the  problem. 


Fig.  2.  The  patterns  of  scattering  for  various  loads  W 


At  calculation  the  cruciform  electrical  dipole  with  (.  = 
0.257.  and  a  =  0.00257  is  considered.  The  results  of 
calculations  are  presented  in  Fig.  2  by  cur\'es  1-3.  The 
direction  of  incidence  is  defined  byGo=  90°,  rpo  = 
0°  and  the  electric  field  strength  has  0-component.  The 
value  of  load  is  If  =  1+11701  Ohm.  This  value  pennits 
to  obtain  the  pattern  of  scattering  with  null  in  the  inci¬ 
dence  direction.  The  curv'e  1  illustrates  the  pattern  of 
scattering  for  nominal  frequency,  whereas  curves  2  and 
3  —  for  frequencies  differed  by  +5%  and  -5%,  respec¬ 
tively. 

The  mentioned  curves  are  normalized  to  a  maximum 
value  of  scattering  field  of  electrical  vibrator  with  con¬ 
sistent  load. 


The  obtained  results  allow  to  conclude,  that  the  char¬ 
acteristics  of  scattering  of  such  a  dipole  are  rather  sen¬ 
sitive  to  parameters  of  the  problem. 

Thus,  the  mentioned  expressions  allow  to  investigate 
the  characteristics  of  scattering  for  various  applications. 
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The  calculation  of  mutual  coupling  between  dipoles  is 
one  of  the  important  problems  taken  into  account  in 
analysis  of  antenna  arrays.  The  wide  using  of  antennas 
on  cylindrical  surfaces  with  impedance  characteristics 
dictates  urgency  of  problem  considered  in  this  paper. 

Let’s  consider  two  thin  longitudinal  dipoles  placed  near 
impedance  circular  cylinder  with  radius  a.  The  length 
of  dipoles  is  /  (Fig.l).  The  centers  of  dipoles  have  coor¬ 
dinates  /•  =  {/■, cp,z}  and  /•'  =  {r',(p',7'} .  For  calculating 
mutual  coupling  between  two  dipoles  we  use  following 
expression  [1] 

=  -7^  Enir,  ?)dl ,  (1) 

where  y'j  is  the  current  distributed  along  first  dipole; 

E\2  is  the  electric  field  strength  at  and  parallel  to  first 
radiator  due  to  the  current  in  the  second  dipole;  /o  is  the 
tenninal  currents  of  dipoles. 


Fig.  1.  Problem  geometry 


Parallel  component  (z-coinponent)  of  electrical  field 
En  is  defined  as  [1] 

En=^{k^+d'^ldz^)\j2{z')>,  (2) 

i 

X  J  91  (k  r,  K  r ')  exp[-/y  \z  -  z'\)  dy  dz' , 

r 

where  k=2nlX  is  wave  number;  X  is 

wavelength;  Wd=l20n  Ohm  is  free-space  impedance;  i 
is  imaginary  unity; 


-  -  1 

9?(k r,  X  r')  =  -  cos[/i(cp  -rp')]  x 

^p=0 

x|)l^(Kr',K/-’)  +  91^(Kr,Kr')  , 

91^ (K  r,  K  / )  =  // (2)(k  r-)  [jp (K  !•')  -  OpHf  (k  r' )), 

■dp  (Kr7)+/Z^  j'p(Ka)Dfp{Ka) 


^P=  K 


^  ika)  +  /Z^  D2% (k a) 


Di;(Kr7)  =  l  +  A'^(Ka)-^ 


J  p{Yid) 


D2l(Kr7)-l  +  A"^(Kfl) 


EfiKd) 


A'®(ko)  = 


FI 

kKa 


Ef^iKa)  K 


m-l 


k 


Zfj  =  Z/lVo  is  surface  impedance,  normalized  by  the 
free-space  impedance;  are  the  Bessel  func¬ 

tion  of  order  p  and  its  derivation;  ///^\-),  7/^®  '(•) 
the  Hankel  function  of  second  kind  of  order  p  and  its 
derivation;  is  the  Neumann  number.  The  contour  of 
integration  in  (2)  has  branch  between  points  y  =  k  and  y 
=  0  on  real  axis  and  branch  from  point  y  =  0  to  y  =  - 
100  on  imaginary'  semi-axis  of  complex  plane  y  [1,2]. 

From  expressions  (1)  and  (2)  wc  get  complete  ex^ires- 
sion  to  calctilate  mutual  impedance  between  two  lon¬ 
gitudinal  dipoles 


-■^1 1 
^  r-/-i 

l{dzf  )exp[-/y|  z-z'|]|rfe(7z'<7y . 


(3) 


Using  substitution  y  =  ka  we  transform  ratio  (3)  to  the 
following  fonn 

IV  ■ 

Zj'7^=— ^  h\{kr{l-a}f''^,kr'[\-a}f^)x  (4) 
471  J 
1 

X  T,,  da , 


l  I 

in  which  T,,  =  |  J y, (z) 72 (z' ) exp[-M'a|z -z'\]dz dz' . 
-I -I 
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For  realizable  current  distributions  expressed  in  terms 
of  expansion  on  series  the  function  can  be  calculated 
analytically.  For  the  rule  of  current  distribution  in  di¬ 
poles  described  by  expressions  y,(z)  =  sin[A'(/-|z|)]  and 
y2(z')  =  sin[A(/-|z'-Az|)]  fiinction  F;.- is  presented  in 
papers  [1-4], 

For  the  nile  of  current  distribution  in  dipoles  defined  by 
expressions  yi(z)  =  cos((7i(m  -  0.5)z)//)  and 
y2(^')  =  cos((7t(w)'-0.5)(z'-Az))//)  (m,  m'  are  order  of 
harmonic  of  current  in  the  first  and  second  dipoles 
correspondingly;  'Az  <  0)  has  following  fonn 


T  - 

^ZZ 


(_l)»i  +  m'(i_a2) 


7i(w-0.5)  2  _^2 


I 


^7l(ffl'-0.5)j2 


x(5) 


7i(w-0.5)  7r(w'-0,5) 


{e.\p[-/A'a(2/  -  Az)]  + 


/  / 

+  exp[-/Aa(2/  +  Az)]  +  2exp[/AaAz]  -  2/a  x 

/  j  at  0  <  |Az|  <  21, 

7r(/w-0.5)  7i:(wi'-0.5) 


^  -exp[/AaAz]x 

<  (expi-/Aa/]  -t- exp[;7t:a/])^  at  |Az]  >  2/. 

If  we  use  the  current  distribution  described  by  formula 

yj(z)  =  sin((7iwz)//)  and  ^ - 

tlien  the  expression  for  7)^  may  be  written  as 
(-l)”'^'”'(l-a2) 


x<^ 


Tim  Tim 


,nm  2  2 

[--]  -a 


I 


(6) 


{e.xp[-/Aa(2/  +  Az)]  -exp[-/Aa(2/  -  Az)]  + 


/  I 
+  2  exp[/AaAz]  -  2/a 

'  um'  hz 


I 


'  ,  (  tiw/Az']  71/?; 


-sin 


X  sin 


/ 


j(l-exp[-2/Aa/]|/7/)M0  <  |Az|  <21, 


,  Tim  Tim'  (  r  -7  *  M 

(-1)— ^ - ^x(exp[-;A-a(/  + Az)]- 

-exp[/Aa(/  -  Az)])^  npu  jAz]  >  21. 


It  is  interest  to  analyze  the  case  where  the  current  dis¬ 
tribution  rules  in  dipoles  have  different  forms.  It  is 
clear  that  the  expression  described  retains  form  in 
interchanging  the  current  distribution  niley/(z)  on 72(2’) 
and  yyCz")  on  ji{z)  conversely.  In  using  current  distribu¬ 
tion  rules  yj(z)  =  cos((7i(;?7-0.5)z)//)  and 
y2(2')  =  sin((7i/?i'(2'-Az))//)  we  derive  the  following 
expression 


(-l)'"+"'(l-a") 


7X(?7/-0.5)  2 


/ 


[■ 


I 


•a 


X  (7) 


Tt(in  ^  0.5)  %m  /]  [  1  -  exp  [-/A-a  (/  -  Az)]]  - 

7t(;;i -0.5)Az_^^j  -exp[-/A-a(/+Az)]]}- 


-COS 


.  f  7t(/?i  -0.5)Az 
-(a[ - sin 


/ 


V 


/ 


[1  + 


^1  r  *  S77  27i:(??;-0.5)  .  f urn' 

+  exp[-;/va(/  + Az)]]-- - — - sm|  ■ - — 


/ 


X 


^  I  J 


X  [1 -f  exp[-2/Aa/]]]  atO<|Az|<2/ 

7i(;;?-0.5)  71?;?'  ...  .  ^ 

-z — - i.__exp(/A-a  Az)  x 

X  (exp[2/A’a /]  - cxp[-2/A-a/])  at  |Az|  >  21. 


The  relations  (5)-(7)  describe  function  T,,  on  the  first 
branch  of  contour  of  integration  between  points  [1,0] 
on  real  axis.  The  expressions  for  T^z  on  the  second 
branch  of  contour  of  integration  can  be  derived  from 
(5)-(7)  by  substitution  a  on  -ia. 

In  general  case  the  current  distributions  in  dipoles  are 
described  by  superposition  of  given  harmonics.  The 
calculation  of  mutual  coupling  is  performed  to  solution 
of  sj'stem  linear  algebraic  equations.  The  coefficients  of 
matrix  are  defined  b}'  formula  (4)  in  which  function  Tzz 
is  determined  previously.  Obtained  analytical  presenta¬ 
tion  of  T-z  in  integral  (3)  permits  to  reduce  considerably 
required  calculations. 
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The  problem  of  solving  tlie  volumetric  vector  pattern 
for  electric  dipole  disposed  near  by  the  impedance  cir¬ 
cular  cylinder  is  high  priority  from  different  points  of 
view.  This  is  confinned  by  a  great  number  of  papers  of 
the  given  theme,  for  example  [1-5], 

The  purpose  of  the  report  is  to  study  the  influence  of 
impedance  surface  of  circular  cylinder  on  the  pattern  of 
tlie  arbitrary-oriented  electric  dipole  disposed  near  it. 

Using  the  equivalent  surface  current  theorem  one  ob¬ 
tains  the  expression  for  the  pattern  of  the  electric  dipole 
as[l] 


lm<p)  =  p"iK?)Ey^(Q,q>iKr')d?  .  (I) 

V 

(X  =  9,cp) 


In  the  relation  (1)  .E;((0,<p;k;'')  is  the  solution  of  the 
diffraction  problem  for  the  plane  electromagnetic  wave 
on  circular  impedance  cylinder  of  radius  a  in  the  point 

where  radius  vector  is  r' ;  plane  electromagnetic  wave 
arrives  from  direction  0,(p.  Vector  E  in  the  front  of 

wave  has  only  ;jr-coniponent;  J  (kE)  is  a  vector  of 
current  density  distribution  in  dipole. 

In  the  incident  wave  only  vector  E  or  H  has  a  longi¬ 
tudinal  component  which  may  describe  in  the  quasi-3D 
approximation  as 


|£f(0,9;KP)]  ^ 


I  _i  iexp(-/fecos0)x 

[ff-o  J 


(2) 


00 

X  X  exp[-/«(cp  -  9o )]  Jn  (k  r' )  (k  r) , 

n--(x> 


where  k  =^sin0  ;  the  top  and  lower  rows  correspond 
to  the  cases  of  calculating  d-  and  ^component  of  the 
pattern;  Eq  is  the  amplitude  of  the  electric  field  strength 
in  the  front  of  the  incident  wave;  Wq  =  I2O71  Ohm  is 
tire  free-space  impedance;  k  =  lidX  is  the  wave  num¬ 
ber;  7,  is  tlie  wavelength  in  tlie  free  space;  i  is  imagi¬ 
nary  unity;  are  tlie  Bessel  function  and  the 

Hankel  function  of  the  second  kind  of  order  n  respec¬ 
tively.  Figure  1  shows  the  problem  geometry.  The  time 
dependence  factor  exp(;rrf)  is  omitted. 


In  the  scattering  field  in  general  case  of  the  impedance 
circular  cylinder  the  longitudinal  components  have 
both  E-  and  //-fields.  The  scattering  field  we  shall  find 
in  the  fonii  {3,  4] 


C„(0,cp), 


(3) 


where  C„  (0,  cp)  =  Eq  exp(-/fe  cos  0)  x 


X  exp[-i«(cp  -  cp'  )]H^P  (kr' ) . 


Fig.1.  Problem  geometry 


The  transversal  components  of  the  electromagnetic 
field  can  be  obtained  using  the  ratio  [1] 


ikWQ 


dH, 

dr 


A'cosO  dE^ 
r  dip  I 


(4) 


1  iklVo  dH^  ,  1 

—  - ^  +  /:COS0 

r  dip  dr 


1  Ucos  0  dH,  ik  dE, 


--1-  ■ 


dip  Wq  dr 


Hr 


-kcosQ^^^+ 

dr 


ik  dE^ 

J 


The  impedance  boundary  condition  of  fonn  [6]  is  to  be 
satisfied  on  the  surface  (E  ~  a)  of  circular  cylinder 


I  ^z=Z//<p 

\e^=-ZH,’ 


(5) 


where  Z  is  the  surface  impedance. 
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Under  the  Erwave  diffraction  let  Ej  denote  a  longitu¬ 
dinal  component  of  the  total  electric  field  strengtli  and 
///  is  a  longitudinal  cross  polarized  component  of  the 
scattered  magnetic  field  strength  (the  given  components 
is  equal  to  zero  in  the  incident  field).  Under  /f^rvvave 
diffraction  write  Hj  for  a  longitudinal  component  of  the 
total  magnetic  field  strength  and  Ej^"  for  a  longitudinal 
component  of  the  scattering  electric  field  strength  (the 
given  component  equals  to  zero  in  the  incident  field). 
With  the  introduction  of  the  given  notation  the  total 
fields  for  the  diffraction  problem  may  be  written  in  the 
form 


00 

Ei(e,(p)=AQ  ]^exp[-/rt((p-cp')]x  (6) 

W=-oo 

x{/V„(Kr-)  +  al„//f^(Kr')  , 


Zjv=  Z/Wo  is  the  surface  impedance,  nonnalized  by  the 
frec-space  impedance;  '(•)  are  the  deriva¬ 

tions  of  the  Bessel  function  of  order  n  and  the  Hankel 
function  of  the  second  kind  of  order  «.  respectively; 

J„(ka) 


D2^„ika)  =  l  +  K^„(ka) 


H^^\ka) 


Kika)  = 


ncosO 

ka 


nP'ika) 


-1 


E^^Hka) 


-/Zjv  sinG 


K^(ka)  = 


«cos9 

ka 


2 


sin0+/Zjv 


Hlika) 


//^(0,(p)  =  klo  £)exp[-/«(cp-(p’)]il„//^^^(Kr')  (7) 

«=“O0 

for  the  ^^rwave  and 

CO 

//'(e,(p)  =  5o  ^e.xp[-m((p-(p')]x  (8) 

«=-00 

OO 

£^(G,<p)  =  Bq  ^e.xp[-/77((p-cp’)]  a2„ 

^^=*-00 

for  the  Hff-wavt  (ff^-polarization). 

In  relations  (6)-(9)  Uic  following  notation  has  been 
introduced;  Aq=Eq  sin0  ;  sin0 ,  as  well  as 

the  asymptotic  of  the  Hankel  function  is  used  for  large 
argument  values 

(k  r)  =  exp(-m  /  4  -  /k  r) ; 

V  mcr 


aL 


/•"  j  j'„mDf„{ka)^ 

) {ka)+'^  (ka)D2^„  (ka) 


We  shall  pursue  a  study  of  the  influence  of  the  imped¬ 
ance  properties  for  the  circular  cylinder  surface  on  the 
pattern  of  the  dipole  disposed  near  by  it  on  the  model  of 
differently-oriented  electric  dipoles. 

For  the  longitudinal  electric  dipole  the  vector  of  the 
current  density  distribution  has  the  form 

J^(Kr')  =  7 5(z')5((p-cp' )5(r '-/•)//' . 

In  this  case  the  relations  for  the  B-  and  i^T-components 
of  the  pattern  may  be  written  as 

OO 

Fb(0,cp)  =  K/  ^e„(”  cos[«(cp-(p')]x  (10) 

n=o 

x{j„(Kr')-al„//^2)(K7-')  , 

00 

E^(Q,(P)  =  kI  ^e„/”  sin[?j(cp-(p')]x  (11) 
«=0 

xa2„HP(Kr'), 

where  s„  is  the  Neumann  number. 

For  the  case  circumferential  electric  dipole  the  vector  of 
the  current  density  distribution  has  the  fonn 


(K  /■' )  =  9  5((p')  5(z’)  §(/'-/•)//' . 


wIFqCosG  i''j„{ka)-a„H^\ka) 

”  ka  {ka)-iZ^smQH^'>{ka) 

„  ^  «cos0  i"J„{ka)-b„H^'>(ka) 

Q  2. ^  .-7  > 

*asin0  //^^'(Ffl) 

sin0 

2  sin97„(^Q)DI^(Fa)| 

"  ~  H^^y {ka)-iZ^smQ  D2^„{ka)  ' 


Under  such  current  distribution  the  relations  for  the  0- 
and  ^components  of  the  pattern  are  defined  by  expres¬ 
sions 

=  ^'^i'^°^-y/"«sin[/7(tp-(p')]x  (12) 

X  \j„  (k  r' )  -  a\„  H^P(Kr' ) }- 
00 

- K / ^ e„  7 ”  sin[77((p -(s^')]b\„H (k r' ) , 

«=0 
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Fig.  2.  The  conic  sections  of  the  0-component  for  the  volumetric  pattern  by  the  surface  plane  cp  =  0° 
(1  -  perfectly  conducting  cylinder;  2  -  impedance  cylinder) 


Fig.  3.  The  conic  sections  of  the  G-component  for  the  volumetric  pattern  by  the  surface  plane  0  =  90° 
(1  -  perfectly  conducting  cylinder;  2  -  impedance  cylinder) 


Fig.  4.  The  conic  sections  of  the  0-component  for  the  volumetric  pattern  by  the  surface  plane  cp  =  90° 
(1  -  perfectly  conducting-cylinder;  2  -  impedance  cylinder) 


T)  =  /”  cos[«((p  -  cp')]  X  (13) 

K=0 

x{/;(K/-*)-A2„/fp)'(Kr')}- 

CO 

2k/C0S9  ,  fn\  ^ 

- ::r-; — X  '  «cos[/7(cp-(p')]a2„iT(2)(K/-') . 

1C  . 

/J=l 

For  the  radial  electric  radiator  the  vector  of  the  current 
density  distribution  has  the  fonn 

J  (Kr')  =r5(/-')//-5((p-(p')5(2') . 

The  relations  for  tlie  0-  and  (^-components  of  the  volu¬ 
metric  pattern  of  the  radial  electric  dipole  disposed  near 
the  circular  impedance  cylinder  are  described  as 

00 

=  tc/cos6^e„  r”  cos[n(cp-cp')]x  (14) 
«=o 

x{j;(Kr')-i2„/fW’(Kr')}-f 

/  °° 

K  A* 

«=0 

„  .n  ,  2k/cos9  ^  , 

■'^(p(6,(p)  =  — — V/  /jsin[n(cp-cp')]x  (15) 

x{j„(KF)-nl„//(2)(~^.)}^ 

00 

-I- K  /  cos  8„ /■"  sin[«(cp  -  cp' )]  a2„ (k  r' )  . 

n=0 


More  detailed  numerical  investigations  have  been  car¬ 
ried  out  for  the  longitudinal  electric  dipole  disposed  at 
distance  of  0.25?.  from  the  surface  of  the  circular  cylin¬ 
der  of  radius  a  =  2X.  The  sections  of  the  0-component 
for  the  volumetric  pattern  are  illustrated  in  Fig.  2-4. 
On  them  curv'e  1  denotes  the  results  corresponding  to 
the  volumetric  pattern  sections  of  perfectly  conducting 
cylinder  surface,  curve  2  -  normalized  surface  imped¬ 
ance  2jv=  0.3/  [7].  Solid  lines  correspond  to  tlie  base 
component  of  the  volumetric  pattern  and  dashed  ones 
to  the  cross-polarized  component. 

The  plots  in  Fig.  2-4  permit  to  analyze  the  influence  of 
the  surface  impedance  magnitude  on  the  base  compo¬ 
nent  of  the  longitudinal  dipole.  At  the  same  time  the 
longitudinal  radiator  near  the  circular  impedance  cyl¬ 
inder  acquires  a  (>-coinponent  of  the  pattern  as  well. 
However  the  magnitude  of  the  latter  for  the  considered 
value  of  the  surface  impedance  does  nit  exceed  8% 
from  the  amplitude  of  the  base  component. 

The  investigations  conducted  show  tliat  the  surface 
impedance  changes  not  only  the  form  of  die  pattern  but 
the  structure  of  the  dipole  patterns  as  well. 
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The  problemof  scattering  of  flat  linearly  polarized  wave 
on  a  system  of  absolutey  thin  ideally  conducting  fillets 
with  parallel  edges  eomes  to  two  scalar  boundarj'  value 
problems  [1].  It  is  Dirichlet's  problem  (in  the  case  of  a 
falling  E-polarized  incident  wave)  and  Neumann's 
problem  (in  the  case  of  FI-  polarization)  for  the  two- 
dimensional  Helmholtz  equation  on  a  system  of  seg¬ 
ments  located  arbitrarily  (Fig.  1). 


Fig.  1.  The  cross-section  of  the  considered  structure 


In  both  cases  the  systems  of  integral  equations  of  die 
first  kind  can  be  obtained,  in  which  the  addends  con¬ 
nected  with  some  considered  m  fillet  (or  a  segment  that 
does  not  differ  here)  are  chosen  containing  tlie  differ¬ 
ence  kernel  as  Hankel's  function,  having  a  logarithmic 
singularity  under  coincidence  of  arguments.  The  rest 
addends  contain  regular  kernels  and  following  the  work 
[2],  systems  of  integral  equations  can  be  represented  as; 

(e,)  J  ^Jt)H^^^(k\x-t\)dt  =  (x)+ 

■‘‘m 

N  aj. 


“m 

(^1 )  J  =  An  COS  kx  + 

+  sinfar J sinfc(v - (/)+ 
^  0 

k=\Mm  -a^ 

m  =  l,2,...,N 


Here  the  unknown  values  of  the  fiinction  <^,„(x)  and 
if„(x)  from  an  electrodynamic  point  of  view  have  the 
meaning  of  a  surface  electric  current  on  m  fillet  flowing 
in  parallel  and  perpendicular  to  its  edge;  f,f,’’^{x)  — 
known  complex-valued  functions,  difined  by  tlie  inci¬ 
dent  electromagnetic  wave  on  the  system;  and 
are  determined  by  conditions  on  the  fillet  edges; 

Moreover,  it  is  known  that  transversal  component  de- 

creases  on  an  edge  as  ,  p  is  the  distance  from  the 
edge,  and  longitudinal  component  of  surface  current 
density  has  a  rooted  singularity  while  approaching  to 
the  edge  of  the  fillet.  These  circumstances  should  be 
taken  into  account  both  for  numerical  realization  of  the 
known  methods,  and  for  deriving  asymptoticses. 

Among  numerical  methods  it  is  necessaiy  to  mark  a 
method  described  in  the  work  [3],  which  is  well 
mathematically  grounded,  but  quite  labour-consuming 
during  its  realization.  Here  it  is  proposed  a  little  other, 
more  simple,  but  less  justified  method  of  solution  of 
integral  equations  such  as  a  convolution.  Its  idea  con¬ 
sists  in  selection  of  logarithmic  singularity  in  the  kernel 
with  its  further  elimination  at  the  expense  of  obvious 
analytical  solution  of  the  elementary  singular  equation 
with  tlie  difference  logarithmic  kernel.  Let's  explain 
this  method  in  application  to  the  problemof  scattering 
of  E  -  polarized  wave  on  one  fillet,  which  can  be  repre¬ 
sented  as  the  integral  equation 

1 

I  (k| V  -  tfjdt  =  -4/,  |x|  <  1 

-1 


As 


E 

k=-\ 


i-lf: 


2/  x—j 


»i=l  z 


-t-ln 


IL 

2/ 


then  tlie  singularity  is  selected  very  simply 
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By  designating  the  right-hand  tenn  through  /(x),  the 
solution  of  tliis  equation  with  regard  for  singularity  on 
the  edge  can  by  written  down  as  [4]: 


(p{x)  = 


-1 


l-x^ 


y 


■r(y) 


fiv) 


j  ,  ,  - 


Using  this,  eliminate  the  singularity; 


(p W  -  ^2k  _  ^2 
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_,Vi^ 


x-y 


2k 


in 


b-/|' 


1-/  ln2 


2; 


n:=\”‘jj 


In 


2/ 


k  1 

'E~ 


k/t. 


This  is  an  integral  equation  of  the  second  kind.  It  is 
convenient  for  realiaition  of  a  long  wave  asymptotics, 
which  takes  place  when  k  =  i'a  « 1 .  The  principal 
term  of  this  asymptotics  is  connected  to  the  first  addend 

and  reduces  to  expression  (po(x)-  — 

In 

which  completely  coincides  with  a  knouTi  classical 
outcome  (see,  for  example,  [1]). 

The  same  method  in  case  of  //-polarization  reduces  to 
the  following  asymptotic  expression  for  transversal 
current  in  a  fillet; 


IK, 


1- 


^  M„,  sin0,„2{l  + 


+  IK  1,1  COS0,„  K,,, 
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\^mj 

Ir.,  ^  I  t:OS^  9 


’  n^m 
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4  4/  24  12 

aiMf.  sin0,(. 


ciLM.,,  sin 9,, 


1-f  2cos^0,„ 

Z  X 
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K,«  ,  X  <.C]fYi. 


Here 


R{kp)-. 


4\kp)-2 


h{%p) 


kp 


kp 


cosa,,,^.. 


^km  '  ^mk 


This  expression  supposes  passage  to  the  limit  to  one 
fillet.  The  expression,  obtained  under  it,  in  case  of  an 


orthogonal  falling  |^0,„  completely  coincides  with 

reduced  in  the  monography  [1],  that  testifies  to  regu¬ 
larity  of  obtained  outcomes.  The  reduced  asymptotic 
expression  takes  into  account  electromagnetic  interac¬ 
tion  between  separate  fillets:  it  is  ensured  with  an  ad¬ 
dend  with  sum  in  square  brackets.  In  other  words,  the 
influence  of  availability  of  adjacent  fillets  to  transversal 
current  on  m  fillet  is  exhibited  only  as  single-error 

correction  (k,„)^,  at  that  k  fillet  renders  the  influence 
on  m  fillet  under  0/,.  5^  0 .  In  the  case  when  0;t  =  0  this 
influence  is  exhibited  in  addends  of  the  higher  order. 
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INTRODUCTION 

A  number  of  papers  has  been  devoted  to  the  thorough 
theoretical  investigation  of  radiation  characteristics  of 
aperture  antennas  under  synchronous  transient  excita¬ 
tion  [1-3].  At  tlie  same  time,  a  few  works  was  directed 
to  the  problem  of  non-synchronous  excitation  of  such 
antennas  [4].  In  this  work,  we  describe  a  general  prob¬ 
lem  of  radiation  from  a  rectangular  aperture  excited 
with  transient  signal  of  arbitrary  time  dependence  and 
amplitude  distribution  of  a  current  density  over  aper¬ 
ture  taking  into  account  arbitraiy  non-synchronous 
function  of  excitation. 

SOLUTION  TO  THE  PROBLEM 

A  rectangular  aperture  with  sizes  of  2a  x  2b  is  situated 
in  tlie  plane  z  =  0  of  Cartesian  coordinate  sistem  X,  Y, 
Z.  The  center  of  the  aperture  is  in  the  point  x  =  0,  y  =  0 

(Fig-  1). 


Fig.  1.  Geometry  of  the  problem  and  coordinate 
systems 


Due  to  linearity  of  the  problem  we  consider  a  case  of 
aperture  excitation  \vith  a  current  of  single  polarization. 
Assume  the  vector  of  current  density  to  be  directed 
along  Ox  axis.  Then  the  magnetic  field  vector  has  com¬ 
ponents  Hy  and  For  simplisity  we  consider  only  Hy 
field  component 

Hy(a,x,y,z)  = 

Here  x,  y,  z  are  coordinates  of  the  observation  point 
P;  ^ ,  tj  are  coordinates  of  the  point  Q  at  the  aperture; 
k  =  cy/c,  c  is  the  speed  of  light.  A  distance  between  the 


observation  point  P(x,  y,  z)  and  the  point  rj,  0)  at 
the  aperture  is  -R  =  ((x-£)^ +(y-ri)^ +z^)*''^; 

(co,  q,  T])  is  a  Fourier  image  of  a  time  function  of 
excitation. 

Consider  a  general  type  dependence  of  current  density 
over  tlie  aperture  in  tlie  form 

where:  A(^  ?])  is  a  function  of  amplitude  distribution  of 
current  density  over  the  aperture,  }])  is  a  function 
of  time  delay  over  the  aperture  and  f(t)  is  an  arbitrary 
time  function.  Taking  into  consideration  (2)  and 
changing  to  the  time  domain  we  obtain 

Hy{t,  X,  y,  z)  = 

—  z?  —h  ^  ^ 


i  /-I 

+— /  /  ■ 
A  ' 


R 


h) 


In  this  formula  the  first  item  describes  the  field  of  ra¬ 
diation  while  the  second  item  describes  the  static  field 
of  the  current.  In  an  expression  for  the  electric  field, 
one  more  item  is  present  due  to  a  static  field  of  a 
charge. 


In  tlie  near  zone  (Fresnel  zone)  the  expression  for  R 
can  be  represented  as  a  summation 


R  =  Rq  + 


2Rn 


R 


0 


where  7^q=(x^+>'^  + 


2  1/2 

+  z  )  is  a  distance  from  the  aperture  center  to  the 
observ'ation  point.  Neglecting  the  magnetostatic  item, 
which  decreases  with  distance  as  1  /  R^,  we  obtain  the 
field  in  the  Fresnel  zone  {Ro  »  a ): 


a  b 


Ry(t,  X,  y,  z)  - 


4nRnC  , 
0  -a  -b 


(4) 


2RqC  RqC 


dr\. 


In  the  Fraunghopher  zone  {Ro  >>  </ /  2cT,  where  Tis  a 
pulse  duration); 
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Hy(t,x,y,  2-)  =  - 


AitRaC 


I,  /?0C 


a  b 

J 

O^-a  -b 

x^  +  yq 


(5) 


\d^  dq. 


In  this  fonnulas  is  designated  r  =  t  -i?o/ c  . 


Obtained  expressions  (4)  and  (5)  describe  the  radiation 
field  of  the  aperture  antenna  under  arbitrao'  amplitude 
and  time  excitation  subject  to  arbitrary  distribution  of 
time  delay  of  excitation  over  the  aperture.  Expressions 
(4)  and  (5)  differ  from  corresponding  expressions  in  [1] 
by  presence  of  the  additional  item  tjf^,  7])  in  the  argu¬ 
ment  of  function  f .  The  genera!  expression  for  the 
time  delay  function  allows  to  consider  a  variety'  of  par¬ 
ticular  cases  such  as  linear  delay,  spherical  delay  and 
more  complicated  cases  of  the  time  delay  function. 


For  particular  case  when  the  amplitude  distribution  and 
the  time  delay  are  varied  along  ^-coordinate: 


we  obtain  an  expression  for  the  field  in  the  far  zone  as 
a  single  integral  over  ^ 


H  M,x,  y,  z)  = 


AnyRo 


}  Ail) 


~a 

r 


/ 


xl  yb 


■f 


X 


(7) 


xl  yb 
Rqc  R()C 


dl. 


There  is  a  finite  difTerence  under  the  integral  between 
delayed  excitation  functions  corresponding  to  left  and 
right  boundaries  of  the  aperture  (along  Oy  axis)  which 
can  be  replaced  in  the  plane  Ox  (v  =  0)  with  a  time 
derivative; 


Hy{t,xAz)  = 


bz 


a  ( 


2nR^c_{ 


I  A(l)f 


T-f^(Q  + 


RqCj 


dl 


(8) 


For  the  case  of  the  linear  time  delay  along  the  Ox  axis 
it  is  convenient  to  choose  the  function  in  the  form: 
td(9  =  (nT/a)^.  Substituting  into  expression  (8)  the 
explicit  form  of  tj(^  and  assuming  =  1  after  inte¬ 
gration  over  ^  we  obtain  the  field  in  the  plane  Ox  as 
follows 

Hy  (t,  X,  0,  z)  = - ^4 (/("^  + 

ItiRqC  R 


where  B^xIR^c-nT la .  Expression  (9)  is  a  finite 
difference  which  transforms  into  time  derivative  under 
condition  B  0; 


//  (r,x,0,z)  =  — ^/(x).  (10) 

TiRqC 

The  condition  x/Ro  ii  -  nTIa  =  0  determines  a  turn 
angle  of  the  radiated  field  beam.  Taking  into  account 
the  equality  xIRo  =  sint? ,  which  is  correct  in  spherical 
coordinate  system,  we  obtain  an  expression  relating 
angle  6  of  beam  turn,  parameter  n  and  relationship 
nTIla  between  space  duration  nT  of  the  pulse  and  the 
aperture  dimension  2a; 

sin  0  =  2«(cr/2a) .  (11) 

It  is  follows  from  (1 1)  that  for  a  constant  value  of  nTIla 
sinus  of  the  turn  angle  is  directly  proportional  to  the 
parameter  n  and  vise  versa,  for  a  constant  value  of  n 
and  aperture  dimension  la  sinus  of  the  turn  angle  is 
directly  proportional  to  the  space  duration  hT  of  the 
pulse. 

For  a  general  case  of  a  spherical  lime  delay  describing 
excitation  of  TEM-horn  antenna,  the  function  t^(^,7]) 
has  the  following  form  [4]: 

=  (P'  +  4"  +  (^2) 

w’here  /o  is  a  radius  of  a  sphera  (TEM-hom  length).  In 
this  case  an  expression  for  radiated  field  can  not  be 
obtained  in  the  Fresnel  zone  in  explicit  form  and  we 
exploited  the  expression  (4)  for  numerical  calculations. 

SPACE-ENERGY  CHARACTERISTICS 
OF  RADIATED  FIELD 

Consider  space-energy  characteristics  of  the  aperture 
antenna  under  non-synchronous  excitation.  Define  the 
total  energy'  of  radiated  pulse  as  [1] 

“  |2 

£  =  12071  j|//^(/)|  dt.  (13) 

—ejo 

For  the  case  of  a  linear  delay  the  time  delay  function  is 
chosen  in  the  fonn  7/^  =  (77T/a)^.  It  was  shown  above 
that  in  the  far  zone  {Ro »  a^/2cT)  in  the  plane  Ox  the 
expression  for  the  radiated  field  is  obtained  in  the  ex- 
plisit  form.  It  allowed  analysing  directly  the  expression 
(11).  Fig.  2  shows  a  dependence  of  the  nonnalized 
energy  of  the  radiated  field  on  an  observation  angle  0 
{(p  =  0,  £-plane)  for  several  values  of  parameter  n  of  the 
linear  time  delay  at  cTHa  =  0.1;  0.03.  Time  depend¬ 
ence  of  the  excitation  function  is  chosen  as  a  gaussian 
function;  2a  =  2b-  0.2  m,  Ro-  2  m. 

Consider  the  case  of  a  spherical  function  of  the  non- 
sy'nchronous  aperture  excitation.  The  function  of  the 
time  delay  is  chosen  in  the  form  (12).  All  calculation 
were  performed  according  to  (4)  for  gaussian  time 
dependence  of  the  excitation  function  and  for  2a  —  2b  — 
0.2  m.  In  Fig.  3  dependencies  of  normalized  energy  of 
the  radiated  pulse  on  the  radius  of  the  spherical  time 
delay  p  at  various  distances  Ro  from  the  aperture  and 
for  cTIla  =  0.1;  0.03  {0  =  0,  cp  =  0)  are  shown. 
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It  is  seen  from  the  figure  that  the  change  of  p  results  in 
the  shift  of  the  energy  focus  point  along  the  Oz  axis. 
Each  value  of  p  corresponds  to  some  distance  Rq  for 
which  a  maximum  of  energj'  is  observed.  It  is  also  seen 
that  I?ci(max)  =  \p\. 

CONCLUSION 

Solution  to  the  problem  of  transient  radiation  from  the 
aperture  antenna  is  obtained  in  a  general  form  taking 
into  account  an  arbitrary  function  of  non-synchronous 
excitation  of  a  current  density  over  tlie  aperture.  The 
solution  is  obtained  in  an  explicit  form  for  the  case  of  a 
linear  function  of  non-synchronous  excitation.  Depend¬ 
ence  of  tlie  pulse  energy  focus  point  location  on  the 
value  of  a  spherical  time  delay  parameter  is  found. 
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Fig.  2.  Dependence  of  normalized  energy  of  radiated 
pulse  on  the  observation  angle  6 


b) 

Fig.  3.  Dependence  of  normalized  energy  of  radiated 
pulse  on  the  radius  of  the  spherical  time  delay  p. 
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Resonant  transformers  of  tlie  spatial  and  polarization 
strtuctures  of  electromagnetic  waves  are  known  that 
employ  semitransparent  surfaces  with  anisotropic  con¬ 
ductance  [1,  2].  Here,  we  consider  the  problem  of  exci¬ 
tation  of  a  dielectric  sphere  with  the  electric  dipole 
located  at  its  center  and  directed  along  the  z  axis 
(Fig.  1). 


Fig.  1 
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The  source  field  of  the  exciting  electric  dipole  is  ex¬ 
pressed  in  terms  of  the  Hertzimi  potential 

Uq  =  (kyfz  /-)cos0,  (3) 


where  is  the  Riccatti-Hankel  function  of  the  sec¬ 
ond  kind.  We  represent  the  Hertzian  potentials  for  the 
total  field  inside  and  outside  the  sphere  as  follows: 

i7+  +  A'^  ji(J<4lr)cos.Q  , 


The  sphere  surface  is  characterized  by  anisotropic  con¬ 
ductance  along  the  lines  with  constant  pitch  angle  \\i. 
On  the  surface  r  =  a,  the  following  two-sided  Vladimir¬ 
skii  boundary  conditions  hold 

Eq  —  Eq  ,£q,  —  £(p  ,7f(p  —  y£q , 

Here,  tlie  signs  "+"  and  refer  to  the  domains  r  <a 
and  r  ^  a,  respectively,  and  v  =  tam|/.  For  defiiriteness, 
the  helical  lines  are  assumed  to  be  right  (k  >  0).  Elec¬ 
tromagnetic  fields  in  the  problem  considered  are  axially 
symmetric  (5/5cps0)and  expressed  in  terms  of  the 
electric  U  and  magnetic  V  Hertzian  potentials  by  the 
formulas 

P-  -  1  P- 

®  krd(kr)  50  ’  kr  50  ’ 


U~  =A~h[^\kr)zosQ,  (4) 

=  B'^  {kyJzr^cosO  , 

V~  =  (Ar)cos  0 . 

Here,  y)  is  tire  Riccatti-Bessel  function.  The  unknown 
amplitudes  A^  and  are  determined  from  (4)  subject 
to  the  boundary  conditions  (1).  For  example,  we  obtain 
the  following  expression  for  the  external  field 
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In  these  formulas,  and  are  the  functions  of  the 
argument  k^Jza ,  wliile  /?[^^and  h^'^'  are  the  func¬ 
tions  of  the  argument  ka.  Thus,  the  external  field  is  a 
superposition  of  the  electric-  and  magnetic-dipole  fields 
tliat  are  oriented  along  the  axis  z  and  have  the  ampli¬ 
tudes  A~  and  B~ . 

It  is  essential  that  the  sphere  with  helical  conductance 
is  characterized  by  a  low-frequenc)'  resonance.  This 
resonance  was  first  observ'cd  in  the  problem  of  scatter¬ 
ing  of  a  plane  wave  by  such  a  sphere  in  [3],  In  this 
work,  tlie  following  approximate  formula  was  obtained 
for  the  resonance  frequency  for  k^Jza  « 1 


ka  a  V 


(7) 


At  the  resonant  frequency,  the  radiated  power  is  maxi¬ 
mal.  When  ka  «  1,  formula  (6)  reduces  to 


(8) 

ka 


Fig.  3 


Figure  3  demonstrates  the  energy  and  polarization 
characteristics  of  the  transformer  analyzed  as  functions 
of  frequency  for  v  =  0.2  and  e  =  4.2.  The  radiated 
power  is  defined  as 


B~ 


(10) 


Formula  (8)  implies  tliat  the  radiated  field  is  polarized 
counterclockwise  irrespective  of  the  magnitude  of  s, 
provided  that 

ka  «iv .  (9) 


Fig.  2 


Figure  2  represents  the  fiinctions  of  ellipticity  factor  K 
versus  frequency  for  various  v.  These  functions  are 
derived  from  (6).  The  figure  shows  that  the  maximum 
values  of  K  are  close  to  unity,  and  the  positions  of  these 
values  are  well  described  by  the  approximate  fonnula 
(9).  As  is  seen  from  (7)  and  (9),  for  the  circularly  po¬ 
larized  field  to  be  radiated  at  tlie  resonant  frequency,  it 
is  necessaiy  that  £•  =  4. 


Figure  3  represents  the  normalized  values 

/  Miiax 

where  Fmax^  5.4  x  10^  (in  free  space,  the  electric 

dipole  would  radiate  the  power  P  =  1). 
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INTRODUCTION 

One  of  the  central  problems  in  the  theory  of  s>mthesis 
of  antennas  is  the  question  of  the  approximation  of  the 
specified  direction  diagram  (RP)  by  entire  functions  of 
an  exponential  type;  i.e,,  we  are  given  functions  of  class 
Ifg  [1],  In  fact,  if  tlic  specified  RP  belongs  to  these 
functions,  the  problem  of  synthesis  has  an  exact  solu¬ 
tion.  It  is  known  [2]  tliat  in  practice  the  required  RP  of 
an  antenna  usually  does  not  belong  to  these  functions; 
therefore,  they  can  acquire  various  fonns.  In  this  case, 
the  problem  of  sj'iUhesis  has  no  exact  solution  and  the 
question  of  its  approximate  solving  may  be  posed. 
Moreover,  it  will  be  possible  to  define  the  distribution 
of  a  current  (field)  on  an  aperture  ensuring  a  specific 
RP  with  a  required  accuracy'. 

STATEMENT  OF  PROBLEM 

In  [2],  the  following  method  for  approximation  was 
proposed.  Its  idea  lies  in  the  fact  that  the  specified  RP 
can  be  approximated  by  polynomials  P^iz)  of  suffi¬ 
ciently  high  degree.  By  the  theorem  of  Weierstrass  [1], 
this  procedure  can  be  realized  w'ith  any  degree  of  accu¬ 
racy.  Further,  we  can  multiply  these  po^momials  by 
auxiliary  functions  U^(z),  which  include  the  follow¬ 
ing  properties: 

(i)  The  functions  U„{z)  belong  to  the  functions  of  the 
class  ; 

(ii)  The  functions  U„(z)  on  the  real  axis  under 
z-^-oo  are  infinitestimals  of  order  o^l/z"’),  where 
m>k; 

(iii)  On  the  part  where  we  specify  the  RP,  under  an 
increase  in  the  number  m,  the  functions  U (z)  tend  to 
one;  i.e.,  there  exists  such  an  m  for  any 
|l-f7„,(z)|  <ei ,  in  the  domain  -Ll'k<z  <  LIX  RP, 

where  L  is  the  antenna  length  and  X  is  the  wave¬ 
length. 

The  production  of  the  functions  belongs  to 

tlie  fiinctions  of  the  class  Jfyj ,  and  therefore  there  exists 
an  APD  current  on  tlie  antenna  aperture  that  ensures 
tlic  specified  RP. 


Since  \R{z)- Pk{^'\<&2  .  tiien 

\R (z) -  P,  {zyj„  {z}  <  \R[z)  -  R{z)U,,  (z^  + 

-f  \R{z)U,„  (z)-  4  {z)U,„  (z)l  <  \R{z)\e.i  +  \U^  {z}z2  • 

The  conditions  |/?(z)|<land  |c/„,(z)j<l  for  any  m  on 
the  part  -L/X<z<L/X  are  fulfilled;  therefore, 
\r{z) - Pk {z)U„, (z)|  <  s,  +  £2,™  >  ^  •  Analogous  state¬ 
ments  are  also  applied  if  the  trigonometric  polynomial 
Tk{z)  is  used  as  an  approximation  function.  Thus,  the 
RP  obtained  will  belong  to  the  class  Bfy  and  are  real¬ 
ized.  They  can  be  subsequently  presented  in  the  form  of 
a  Kotel'nikov  scries  [2] 

=  (2) 


where 

N(z)  =  sin(az)/az, 
z„  =  Tin  la. 


(3) 


In  [2],  a  function  presented  as  a  Fourier  transformation 
of  a  cosine  function  of  the  degree  m  was  proposed  as 
the  auxiliary  fimetion  U^(z): 


r^(ffl/2-H) 

m\ 


kv,(4) 


where  r(a)  is  the  gamma-function.  Under  an  even  ni. 


smrtz 


Trzfi 


p 


rhile  under  an  odd  m, 


(6) 


COSTCZ 


n 


2z 


2  4“  1 


2^^  ■ 


(7) 


Both  functions  belong  to  the  class  .  At  the  point 
z  =  0 ,  they  have  a  maximum  equal  to  one.  The  first 
zero  is  at  the  points  z  =  w/2  +  l.  At  all  points  at 
which z  =  «  and  n<m 
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(/?;  +  «)  (w-«) 


(8) 


The  functions  U^{n)  =  0  at  the  points  where  2  =  w  and 
n>nt .  The  choice  of  the  number  m  tends  to  one  at 
the  given  part  at  any  degree  of  accuracy  and  approxi¬ 
mates  the  specified  RP  with  the  required  accuracy. 

The  application  of  the  functions  U^{z)  as  auxiliary 
functions  is  not  always  ex^pedient.  In  such  cases,  when 
the  relation  L/X  is  great,  the  polynomials  P^(z)  must 
be  of  high  degree.  Since  m>k,  the  ftmctions  0^(2) 
slowly  tend  to  zero  outside  the  part  L/X<\z\<m . 


ATOMIC  FUNCTIONS 

A  different  auxiliary  function,  lacking  the  above  flaws 
and  presented  as  a  Fourier  transformation  of  atomic 
functions  (AF),  was  proposed  in  [3-5],  A  large  family 
of  AF  exists.  The  simplest  of  them  is  denoted  by  up{y), 
which  is  the  solution  to  the  differential  equation 

dup{y)ldy  =  2up(^y  +  \)-lup{2y  - 1) .  (9) 

The  Fourier  transfonnation  of  the  function  up{y)  has 
the  following  fonn 


1  ""  ^ 
Up{z)  =  ^  j  e'^up{y)dy  =  H 


sin 


22-P 


=1  z2-P 


(10) 


A.  The  polynomial  approximations 

k 

RA^)  =  K„{(u)Y^a„,z'’'  ,  (13) 

ni=0 

/iW = ■  (14) 

m=0 


B.  The  approximation  of  tlie  trigonometric  polynomials 

p(i-a)/  a 


a^e 


-JpZOT 


«=-p(l-a)/a 


p(l^/a 

»i=-p(l-a)/a 


„  f y-^rn 


(15) 


(16) 


C.  Approximation  of  shifts  and  contractions  of  tlie 
following  functions  Ai„(z) : 


=  (17) 

m 

.  (IS) 

fji 

The  choice  of  the  parameters  a,p,  and  these  func¬ 
tions  are  determined  by  the  methods  of  approximation 
(mean  square,  uniform,  and  pointwise)  in  [3-5]. 


The  function  up{y)  is  infinitely  differentiable,  finite, 
and  satisfying  the  following  properties 

(a)  0<up{y)<l,  up{-y)  =  up{y), 

(b) 

k=-oo 

The  function  Up{z)  was  used  as  an  auxiliaiy  function 
in  the  approximation  of  the  specified  RP.  After  ap¬ 
proximation,  the  RP  obtained  will  be  minimal  outside 
the  part  -L/X<z^LIX. 

In  [4,5]  the  AF  E„{y)  was  used  in  the  solution  of  the 
problem  of  synthesis.  Its  Fourier  transformation  has  the 
following  fonn: 


p=i 


sin 2(11  +1)  ^ 

z{n  +  \)~P 


(12) 


NUMERICAL  EXPERIMENT 

The  diagrams  of  RP  synthesized  by  the  method  of  mul- 
tiparametric  regularization  (MR)  [4]  (dashed  line)  and 
by  the  method  of  AF  (solid  line),  using  formula  (15),  in 
tlie  mean  square  approximation  of  a  narrow  sector  of 
the  RP  are  shown  in  Fig.  1. 


-3-2-10  1  2  3 


Under  m  =  \,  Hj  (y)  wp(y) . 


Fig.  1.  Diagrams  of  synthesized  RP 


At  the  present  time,  the  following  approximating  func¬ 
tions  Rs{z)  and  their  corresponding  distributions  of 
current  (field)  along  the  antenna  /^(y)  have  been 
studied: 


The  numerical  experiment  (Table  1)  showed  that  the 
application  of  these  functions  in  problems  of  the  syn¬ 
thesis  of  specified  RP  yield  a  higher  degree  of  accuracy 
than  traditional  methods  and  improve  other  integral 
parameters  of  antennas  (factor  of  directivity  (FD),  fac¬ 
tor  of  reactivity  (FR),  mean  square  of  error  (MSE)). 


Proceedings  of  the  3rd  International  Conference  on  Antenna  Theory  and  Techniques,  Scvastopil,  Ukraine,  8-11  Sept.  1999 


126 


Table  1 

Integral  parameters  of  the  RP  in  Fig.  1 


Method 

FD 

FR 

MSE 

AF 

7.83357 

1.66184 

0.0358387 

MR 

7.05728 

8.42549 

0.105041 

Diagrams  of  the  required  cosecant  RP  (dashed  line)  and 
tlie  synthesized  Kotel'nikov  series  (2)  (solid  line)  under 
the  parameters  <3  =  1%  are  shown  in  Fig.  2. 


Fig.  2.  Approximation  of  cosecant  RP 
by  the  Kotel'nikov  series 


In  Fig.  3,  the  AF  method  using  formula  (17)  was  em¬ 
ployed  to  synthesize  RP  for  the  same  cosecant  RP  under 
the  parameters  w  =  1,  a  =  27t,  p  =  1,  • 


Fig.  3.  Approximation  of  cosecant  RP 
by  the  AF  method 


CONCLUSION 

Thus,  in  this  work  a  new  method  for  the  synthesis  of 
linear  antennas  was  proposed  and  substantiated.  As 
shown  by  the  numerical  experiment,  this  method  is 
more  effective  than  traditional  ones.  It  may  be  extended 
to  a  wide  class  of  problems  on  the  analysis  and  synthe¬ 
sis  of  radiating  systems:  plane  apertures  and  arrays,  and 
the  synthesis  of  phased  antenna  arrays. 
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PROPERTIES  OF  BRAGG  DIFFRACTION  OF  THE  SECOND  ORDER 
IN  LIGHT  AND  PERIODIC  STRUCTURES  INTERACTION 
UNDER  DUAL  BRAGG  ANGLE 

L.  F.  Kupchenko,  O.  V.  Efimova,  Y.  M.  Plahov, 

V.  B.  Lobyrcv,  E.  L.  Cherkashina 

Kharkov  military  university, 

Svoboda  square,  6,  Kharkov,  310043,  Ukraine 


Tire  researchers'  interest  in  studying  properties  of 
higher  order  diffraction  components  under  Bragg  dif¬ 
fraction  is  due  to  the  fact  tliat  the  second  order  diffrac¬ 
tion  components  has  angular  dispersion  that  is  twice  as 
large  and  the  third  order  -  tliree  times  as  large  as  that  of 
the  first  order  [1],  Appearance  of  liigher  order  diffrac¬ 
tion  components  is  due  to  multiple  light  scattering  by 
three-dimensional  periodic  structures  and  therefore 
they  have  higher  angular  and  spectral  selectivity.  Ap¬ 
parently  tills  gives  an  opportunity  of  constructing  the 
new  class  of  devices  which  use  light  diffraction  on 
periodic  structures  which  differ  from  devices  using 
ordinary  Bragg  diffraction.  Here  under  periodic  struc¬ 
tures  we  mean  tliree-diincnsional  (volumetric)  phase 
gratings  created  in  dielectric  transparent  medium  by 
ultrasonic  traveling  wave  or  tlie  gratings  produced  in 
photorefractive  crystals  by  holographic  methods  [2], 


1  +  Y2 


sin 


n  j  2 


1  +  y 


(2) 


where  yi  =  si/2q  ;  y2  =  £2/17^;  q  =  An/n  {k/kof; 


,  2i'sin9 

Gj  =1+ - ;  £2=2 


1  + 


^'sin0 


k  and  ko  are  n'ave  numbers  of  light  and  ultrasound. 
Relative  derangements  Si  and  82  defines  the  closeness  of 
the  angle  9,  between  plane  optical  wave  and  acoustical 
wavefront,  to  Bragg  angle  0b  and  dual  Bragg  angle  02b, 
respectively. 


Analytic  expressions  allowing  to  investigate  light  dif¬ 
fraction  at  ultrasonic  wave  not  only  of  the  diffraction 
first  order  occurring  at  interaction  under  Bragg  angle 
but  Bragg  diffraction  of  higher  orders  under  interaction 
angles  tliat  are  multiple  of  Bragg  angle  are  obtained  in 
[3].  It  is  shown  that  besides  of  higher  selectivity  and 
angular  dispersion  tlie  higher  order  components  have 
additional  properties  consisting  in  that  tlie  value  of 
diffraction  efficiency  in  satisfying  Bragg  synchronism 
conditions  for  each  of  the  orders  depends  not  only  on 
the  value  of  relative  refraction  coefficient  change  An/n 
but  on  diffraction  grating  period  (at  constant  values  of 
interaction  length  /  and  light  wave  nmnber  k)  [4]. 

Fonnerly  this  property  was  not  verified  experimentally 
and  is  the  subject  of  investigation  in  present  work. 
Usually  under  diffraction  efficiency  one  understood  the 
ratio  of  amplitude  square  of  diffracted  components  to 
incident  radiation  amplitude; 

Ityil'  =  I  P, 

where  ;  =  1,  2... 

For  comparative  analysis  of  tlie  properties  of  the  first 
and  tlie  second  order  diffraction  components  w'e'll  pres¬ 
ent  diffraction  efficiency  expressions  of  each  of  the 
orders  in  tlie  form  [3].  Remind  that  expression  data  are 
obtained  under  assumption  of  small  Ritov  parameter 
values  {q  «  1)  wliich  are  observed  in  the  domain  of 
sound  low  power  and  high  frequency  values: 


As  it  seen  from  expressions  (1)  and  (2),  maximum 
diffraction  efficiency  for  each  of  the  diffraction  orders 
can  be  ensured  under  satisfying  the  following  two  con¬ 
ditions:  first,  wiien  relative  derangement  parameter  is 
equal  to  zero  (si  =  0  or  £2  =  0),  and  second,  when  sine 
argument  of  each  of  the  expressions  reaches  nil,  i.e. 
under  conditions: 

(An/n)kll2=nl2-  (3) 

{An/n)\klkofk!l2=n/2-,  (4) 

The  expressions  (3)  and  (4)  include  three  factors:  the 
first  one  is  proportional  to  relative  refraction  coefficient 
change  An/n  of  grating,  the  pow'er  of  which  corre¬ 
sponds  to  diffraction  order  number  /  =  1,  2...;  tlie  sec¬ 
ond  factor  is  proportional  to  the  ratio  of  light  and  ultra¬ 
sound  w'ave  numbers  M'o  with  the  pow'er  degree  equal 
to  2J  (j  =  0;  1)  and  the  third  one  is  equal  to  the  product 
of  light  W'ave  number  by  interaction  length  k-l . 

In  the  experiment  the  periodic  phase  structure  was 
created  with  the  use  of  traveling  sound  wave.  One  of 
tlie  properties  of  the  second  order  diffraction  compo¬ 
nent  has  been  verified  that  can  be  formulated  now  in 
the  following  way.  If  light  and  ultrasound  interaction 
occurs  under  dual  Bragg  angle  and  synchronism  condi¬ 
tions  £2=0  are  satisfied  then  for  obtaining  a  certain 
value  of  diffraction  efficiency  at  higher  ultrasound 
frequency  it  is  necessary  to  ensure  a  greater  value  of 
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refraction  index  modulation  depth  than  at  a  lower  ul¬ 
trasound  frequency. 

The  experimental  investigations  of  diffraction  effi¬ 
ciency  of  the  second  order  in  light  and  ultrasound  in¬ 
teraction  under  dual  Bragg  angle  were  carried  out  with 
the  use  of  isotropic  diffraction  in  acoustic  conductor 
made  of  dense  flint  TF-7.  As  it  known,  this  materia! 
has  relatively  low  acoustooptical  properties  that  re¬ 
quired  to  increase  high  frequency  voltage  at  ultrasound 
exciter  and  for  exclusion  of  exciter  overheat  there  ha\'e 
been  formed  short  ultrasound  pulses  of  duration  30  mes 
and  pulse-repetition  frequency'  of  1  kHz,  Acoustic  wa^'e 
power  was  controlled  on  the  value  of  electric  voltage  at 
piezoconverter.  At  the  experiment  the  length  of  light 
and  ultrasound  interaction  w-as  /  «  0.6  cm  and  laser 
operating  at  the  wav'clength  X  =  0.633  mcm  was  used 
as  a  radiation  source. 

In  Fig.  1  tliere  are  presented  the  calculated  dependen¬ 
cies  of  diffraction  cfTicicncy  for  the  second  order  com¬ 
ponent  on  optical  density  of  ultrasound  grating  at  fixed 
values  of  ultrasound  frequency  fo  -  10  MHz,  />  =  80 
Mhz,  fo=  90  Mhz,  and  the  measured  values  of  diffrac¬ 
tion  efficiency.  The  comparative  analysis  of  theoretical 
and  experimental  investigation  results  has  manifested 
their  good  agreement.  Actually  from  charts  it  follows 
that  the  value  of  diffraction  efficiency  of  the  second 
order  diffraction  component  under  satisfying  Bragg 
synchronism  conditions  £2=0  depends  not  only  on 
grating  optical  density  but  on  its  period.  In  order  to 
obtain  certain  value  of  diffraction  efficiency  of  the 
second  order  at  a  higher  ultrasound  frequency  it  is 
necessary  to  increase  optical  density  of  ultrasound 
grating  (tension  at  ultrasound  exciter). 


Fig.  1.  Calculated  dependencies  of  diffraction  efficiency 
(solid  curves)  of  the  second  order  component  on  grating 
optical  density  and  on  its  frequency  in  light  and  grating 
interaction  under  dual  Bragg  angle  and  experimental 
dependencies  (dotted  curves) 
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PROPERTY  OF  INTERMEDIATE  DIFFRACTION  REGIME  NEAR 
THE  SECOND  BRAGG  RESONANCE  UNDER  INTERACTION  OF  LIGHT 
WITH  PERIODIC  STRUCTURES 

L.  F.  Kupchenko,  O.  V.  Efimova,  Y.  M,  Plahov,  V.  B.  Lobyrev,  E.  L.  Cherkashina 

Kliarkov  military  university, 
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Under  "the  second  Bragg  resonance"  we'll  mean  such 
interaction  conditions  of  light  with  volumetric  (three- 
dimensional)  periodic  phase  gratings  when  interaction 
takes  place  under  dual  Bragg  angle  and  here  the  second 
and  zeroth  diffraction  orders  will  be  the  most  essential. 
If  besides  of  the  second  and  zeroth  orders  of  diffraction 
there  is  the  first  order  component,  i.e.  the  three-wave 
diffraction  condition  is  realized,  then  such  a  regime 
we'll  call  tlie  intermediate  one. 

It  is  stated  that  transition  from  two-wave  to  three-wave 
inteniiediate  regime  is  connected  wiUi  the  Rytov  pa¬ 
rameter  value  of  q  =  (An/n)ik/kof  (where  A)i/n  is  the 
relative  change  of  grating  optical  density;  k  and  ko  are 
wave  numbers  of  light  in  medium  and  of  grating).  If 
q  <0.1  tlien  tlie  diffraction  efficiency  value  of  the  first 
order  component  |vi/,|  ^  -Ei/Eo\^  (where  E^  and  Eo  are 
amplitudes  of  tlie  first  order  diffraction  component  and 
incident  wave,  respectively)  is,  as  a  rule,  substantially 
less  than  diffraction  efficiency  of  the  second  order 
component  |vj/2p  =  1^2/^'oP  ,  and  if  g  «  0.3-1-0.4,  tlien 
their  values  are  close  and  the  Bragg  diffraction  inter¬ 
mediate  regime  is  realized  near  the  second  Bragg  reso¬ 
nance.  Depending  on  grating  period  and  its  optical 
density  the  first  and  the  second  order  components  com¬ 
pete  with  each  other  (Fig.  1). 

It  has  been  found  advantageous  to  determine  such  pa¬ 
rameter  values  of  light  and  volumetric  periodic  grating 
interaction  An/ti  and  ko  =  l-nld  (where  d  is  the  grating 
period)  at  which  an  intermediate  three-wave  diffraction 
condition  (q  »  0,3-0,4)  goes  into  a  two-w'ave  one,  and 
this  work  is  devoted  to  investigation  of  this  property. 
The  fact  is  that  the  liigher  orders  of  diffraction  have 
large  angular  dispersion.  This  allows  to  hope  tliat  on 
tlieir  basis  the  devices  with  characteristics  different 
from  the  known  ones  will  be  constructed.  How'ever  the 
higher  orders  of  diffraction,  including  the  second  one, 
have  more  angular  and  spectral  selectivity.  Thus  tlie 
investigation  of  intermediate  diffraction  regime  prop¬ 
erties  near  the  second  Bragg  resonance,  with  less  selec¬ 
tivity  but  with  dispersion  two  times  greater  in  compari¬ 
son  with  the  first  resonance,  is  of  certain  practical 
interest. 


a) 


Fig.1  Graphs  of  dependence  of  diffraction  efficiency  of 
a)  the  second  order  diffraction  and  b)  the  first  order 
diffraction  on  a  change  of  An/n  and  f  ~1/d  near  the 
second  Bragg  resonance. 

In  the  present  w'ork  the  case  of  interaction  of  plane 
wave  with  three-dimensional  grating  which  can  be 
constructed  by  using  ultrasonic  w'ave  in  dielectric  or  by 
holographic  methods  in  photorefractive  crystals  is  con¬ 
sidered.  The  problem  is  formulated  as  follows:  using 
obtained  earlier  expressions  for  the  second  order  dif¬ 
fraction  component  calculated  for  the  case  of  light 
interaction  with  ultrasonic  w'ave  under  dual  Bragg 
angle,  the  interaction  parameters  are  to  be  found  at 
which  this  component  is  maximum.  Then  an  amplitude 
is  to  be  found  of  the  first  order  component  of  diffraction 
occurred  under  dual  Bragg  angle  too,  as  well  as  inter¬ 
action  conditions  are  to  be  revealed  under  wliich  this 
amplitude  is  minimum.  Combined  solution  of  two 
equations  wall  pennit  to  obtain  interaction  conditions 
ensuring  the  maximum  of  the  second  order  diffraction 
at  optimum  value  of  the  first  order  diffraction. 
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Diffraction  efficiency  for  the  second  order  diffraction  is  frequency  and  relative  change  of  medium  refraction 
determined  by  the  following  expression:  index  in 


where 


02  —  2 


1  + 


A:sin0 


^0  ; 


1  is  the  interaction  length. 

Maximum  of  diffraction  level  in  tlie  second  order 
I  v}/|^=  i  is  realized  if  the  relative  derangement 
02=  0  and  sine  argument  in  (1)  is  equal  to  n  /2.  Hence: 


The  analytical  expression  for  field  amplitude  Ei  is 
found  using  the  method  of  continued  fractions  [2],  The 
method  intends  to  determine  diffraction  component 
amplitudes  and  phases  with  tlie  help  of  the  dispersal 
equation  that  is  an  algebraic  one,  its  power  is  defined 
by  the  number  of  waves  under  consideration.  It  is  quite 
intricate  to  obtain  the  analytical  expression  for  a  light 
field  in  intermediate  diffraction  regime  because  the 
dispersal  equation  without  assumptions  is  of  5-th 
power. 

However,  assumpting  that  interaction  of  light  with 
ultrasound  occurs  under  dual  Bragg  angle 


02B  =  arcsin  A'o/>t 


for  complete  Bragg  synchronism  conditions  we  suc¬ 
ceeded  in  obtaining  Uie  expression  for  a  field  amplitude 
of  the  following  form: 


2q 


W 


-sin 


+  1 


/i 

Ik 


+1 


(3) 


Since  in  the  expression  (3)  a  periodic  function  is  pres¬ 
ent,  it  isn't  difficult  to  find  an  expression  for  a  wave 
number  of  sound  at  w'hich  the  minimum  energy  transfer 
into  the  first  order  diffraction  occurs,  i.e. 


Fig, 2.  The  graph  of  determining  acoustooptical 
interaction  parameters  -  the  frequency  of  ultrasound  fo 
and  the  optical  density  of  ultrasonic  grating  An/n. 


ultrasonic  field  under  which  the  first  order  value  is 
minimum.  In  contrast,  the  curve  I  represents  interac¬ 
tion  conditions  under  which  the  second  order  diffrac¬ 
tion  efficiency  value  is  maximum.  It  is  obvious  that 
curve  intersection  points  allow  to  find  tlie  required 
values  of  grating  frequency  and  optical  density.  The 
graphs  are  plotted  for  the  case  when  the  sound  con¬ 
ductor  is  made  of  the  glass  TF-7  where  the  velocity  of 
ultrasound  propagation  V  =  3630  m/s,  the  interaction 
length  /  =  0.6  cm  and  the  wavelength  of  light  radiation 
k  -  0.633  mcm. 

In  conclusion,  we  note  that  the  investigated  property  of 
intennediale  diffraction  regime  near  the  second  Bragg 
resonance  in  our  opinion  can  be  explained  by  the  fact, 
tliat  in  interaction  of  light  with  grating  under  dual 
Bragg  angle  the  value  of  the  second  order  diffraction 
depends  not  only  on  the  optical  density  of  grating  An/n 
and  the  product  kl  but  on  the  relation  kAo. 


Then: 

1^^  .  (4) 

where  m  -  1,  2,  3.... 

Using  simultaneously  (2)  and  (4)  let  us  define  condi¬ 
tions  under  which  the  second  order  component  for  an 
intemiediate  regime  is  maximum.  In  Fig.  2  tlie  curves 
2,  3  and  4  represent  interaction  conditions  -  ultrasound 
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INTRODUCTION 

The  Hertz’s  dipole  is  known  as  variant  of  the  scheme, 
which  ensures  a  heavily  radiation  at  a  rather  small 
connected  part  of  an  energy.  For  mathematical  simula¬ 
tion  of  such  dipole  usually  use  the  idealized  elementary 
electrical  vibrator,  which  is  located  in  a  boundless  ho¬ 
mogeneous  isotropic  nonconductive  medium.  The  \i- 
brator  is  represented  as  wires,  short  on  a  comparison 
witli  a  wavelength,  from  a  constant  on  all  it  to  length 
by  amplitude  and  phase  of  a  current.  In  an  inconsis¬ 
tency  with  tliis  classical  model  there  is  a  practical 
problem  creation  of  a  vibrator  with  amplitude  and 
phase  of  a  current,  which  are  constant  on  all  it  to 
length.  Nor  it  is  obviously  possible  to  supply  presence 
of  a  material  medium  with  properties  of  a  homogeneity 
and  nonconductivit)'. 

Proceeding  from  fractal  representations  about  a  struc¬ 
ture  of  a  current  in  a  conductor  and  field  in  semicon¬ 
ductor  medium,  we  enter  a-characteristics  of  electro¬ 
magnetic  field  and  we  create  differintegral  model  of 
electrical  vibrator. 

In  the  present  work  we  use  the  concept  of  fractional 
calculus  [1],  [2]  which  allows  most  completely  to  map 
fractal  properties  of  tire  real  physical  object  [3]  -  [6]. 


CONSTRUCTION  THE  FRACTAL 
DIFFERINTEGRATIVE  MODEL  OF  DIPOLE 


The  electromagnetic  field  of  Hertz’s  dipole  can  be  ex¬ 
pressed  as  follows  [7] 


;coe 


The  expression  (1)  is  fair  for  case  of  distribution  of  an 
indirect  current  in  some  area  of  space  V.  Outside  of 
radiant  area  V  conductive  currents  are  absent.  The 
expressions  (1)  for  off-site  ideal  linear  current  in  tire 
near  zone  of  a  radiation  in  a  polar  frame  will  look  like 
tire  following  (see,  for  example,  [7]) 

.1 

E,  =  -  "  ,  •  cose  •  e'f 
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If  a  continuous  line  on  a  regular  site  of  it  to  cover  with 
a  polygonal  line  with  segments  Al„,  and  on  a  fractal 
part  to  enter  a  measure  of  the  Hausdorff  with  coating  of 
a  polygonal  line,  the  expansion  of  a  curve  will  be  de- 
temrined  by  the  formula  (see,  for  example,  [8]) 
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Let's  consider  a-characteristic  (differintegral,  0  <  a  <1) 
with  respect  to  the  0  (see  [2],  [6],  [7]) 

=  — a>0  (3) 

We  are  bounded  with  reviewing  only  of  simple  har¬ 
monic  motioirs  of  a  source  current.  We  obtain,  applying 
formula  (3)  to  (2),  expressions  for  a-characteristics  of 
electrical  field  component  E^,  of  a  vibrator 
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Introduction  of  a-characteristics  can  be  argued  with 
reviewing  of  a  new  physical  and  mathematical  model, 
to  wiiich  there  corresponds  the  following  statement  of 
the  task  about  a  radiation  of  the  Hertz’s  dipole:  tlie 
electrical  dipole  has  a  geometric  fractal  structure.  It 
attracts  a  modification  of  a  current  magnitude  in  direc¬ 
tion  of  an  angle  0  under  the  law: 

ja  _  _ -'m 

“  Tfa)  (0-0'/-“ 


CALCULATION  OF  THE  DIAGRAMS 
a-CHARACTERISTICS  OF  THE  VIBRATOR 
FIELD 

The  greatest  interest  represents  a  field  of  a  vibrator  in 
near  wave  zone  (r  »  1,  1  «  X,  liir  «  X).  In  this  zone 
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the  fractality  of  a  vibrator  renders  the  greatest  influence 
on  emitted  by  it  a  field. 


Fig.  1.0'  characteristics  0  -  component 
of  an  electrical  field  of  the  dipole  of  a  Hertz 
in  a  polar  frame  for  various  values  o 


Fig.  2.  a-characteristics  r-component 
of  an  electrical  field  of  the  dipole  of  a  Hertz 
in  a  polar  frame  for  various  values  a 


CONCLUSION 

In  classical  statement  the  task  about  a  radiation  of  the 
electrical  Hertz’s  dipole  reduces  in  outcomes,  which 
will  not  be  agreed  dates  of  an  experimental  research  of 
such  model  in  actual  mediums.  In  the  report  is  con¬ 
structed  the  differintegral  model  of  an  electrical  vibra¬ 
tor  on  the  base  of  fractal  representations  about  a  current 
structure  in  a  conductor  and  field  in  tlie  semiconductor 
medium. 

The  a-charactcristics  of  the  vector  field  component  E% 
and  Er  are  obtained.  These  characteristics  have  allowed 
to  define  a-component  electromagnetic  fields  by  the 
emitted  dipole.  In  wave  zone  the  graphs  of  a  field  am¬ 
plitude  strength  association  from  direction  to  a  view¬ 
point  are  obtained.  Thus  the  full  coincidence  a- 
characteristics  with  usual  components  of  field  strength 
is  marked. 


In  a  considered  medium  with  fractal  performances  the 
presence  of  a  dipole  radiation  in  the  direction  its  axe 
(on  a  classical  mathematical  model  this  mark  radiation 
is  absent). 

Is  underlined  on  a  possibility  of  deriving  of  new  out¬ 
comes  connected  to  reviewing  of  processes  of  wave 
distributions  in  mediums  to  fractal  properties. 
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INTRODUCTION 


li  =  Wit  AZh 


Precise  measuring  of  tlie  field  patterns  in  the  far  and 
near  zone  of  a  radiator  is  an  important  factor  in  devel¬ 
oping  video  pulse  radiators.  It  is  known  that  the  wave 
resistance  Z  =  E/H  in  the  near  zone  of  an  electromag¬ 
netic  field  radiator  depends  on  tlie  location  of  the  ob¬ 
servation  point  and  varies  by  different  laws  subject  to 
the  transmitting  antenna  design  [1].  Thus,  to  obtain  a 
precise  field  image,  tlie  electric  and  magnetic  field 
components  must  be  recorded  separately. 

This  investigation  is  aimed  at  developing  a  sensor  with 
a  uniform  amplitude-frequency  characteristics  in  a  wide 
frequency  band  for  measuring  tlie  magnetic  component 
of  the  video  pulse  fields. 

GENERAL  DESCRIPTION 

In  the  paper  [1],  H.  Harmuth  has  fomiulatcd  the  rela¬ 
tions  between  the  distortion  of  the  received  signal  shape 
and  the  degree  of  matching  between  sensor's  radiation 
resistance  Rr  and  tlie  load  resistance  Rr.  The  minimum 
distortion  of  the  received  signal  shape  is  reached  at  Rl 
«  Rr  for  magnetic  field. 

The  suggested  magnetic  field  sensor  was  developed  by 
employing  the  results  of  papers  [1-5].  This  sensor  is 
the  Hertz  magnetic  dipole  designed  as  a  loop  40  mm 
across  loaded  through  a  transformer  with  a  transfoniia- 
tion  factor  of  1  :  10  at  the  input  resistance  of  the  differ¬ 
ential  amplifier  (Fig.  1).  The  differential  amplifier  is 
established  by  the  transfonner  circuit  current-voltage. 
A  zero-tending  input  resistance  of  such  differential 
amplifier  allows  matching  the  loop  radiation  resistance 
with  the  load  resistance  to  comply  with  tlie  condition  of 
the  minimum  distortion  of  the  received  signal  shape  Rl 
«  Rr.  The  output  resistance  of  the  differential  ampli¬ 
fier  was  selected  to  meet  the  requirement  of  matching 
between  the  sensor  output  resistance  and  the  input 
resistance  of  the  recorder  and  made  50  Q. 

The  sensor  characteristics  were  measured  at  a  TEM- 
chamber-based  system  [6].  These  systems  are  usually 
applied  for  generating  quickly  increasing  reference 
electromagnetic  pulses.  The  strength  of  the  magnetic 
field  in  tlie  center  of  the  TfiM-chamber  is  conditioned 
by  tlie  voltage  between  the  strip-line  conductors  and  the 
strip-line  wave  resistance  and  can  be  calculated  by  a 
formula 


where  is  the  resistance  between  the  strip-line  con¬ 
ductors,  Z  is  the  strip-line  wave  resistance  and  h  is 
the  separation  between  the  strip-line  conductors. 


Zl-  input  resislan.se  of  the  amplifier. 


Fig.  1.  Circuit  of  the  antenna-Hertz's  magnetic  dipole 


The  measurements  were  performed  by  applying  a  pulse 
signal  with  the  front  duration  of  2  ns  and  pulse  dura¬ 
tion  of  nearly  12  ns  (Fig.  2  a).  The  pulse  was  generated 
by  the  source  G5-78.  This  signal  was  sent  through  a 
matching  symmetrizing  transformer  to  the  TEM- 
cliamber.  After  passing  the  TEM-chamber,  the  pulse 
signal  arrived  through  the  transfonner  at  the  oscillo¬ 
scope  input  (Fig.  2  c)  for  controlling  the  parameters  of 
the  reference  signal.  The  sensor  under  investigation 
was  located  in  the  center  of  the  TEM-chamber.  The 
signal  received  by  the  sensor  was  sent  to  the  oscillo¬ 
scope  input.  The  oscilloscope  was  synchronized  by  sync 
pulses  from  generator. 

Fig.  2  b  shou's  a  reaction  of  the  sensor  towards  the 
magnetic  field  pulse  travelling  through  the  TEM  - 
chamber. 

The  degree  of  the  signal  distortion  wns  estimated  by 
comparing  the  signal  shape  at  the  generator  output,  at 
the  TEAf-chamber  output  and  at  the  output  of  sensor's 
amplifier.  The  results  demonstrated  that,  while  meas¬ 
uring  the  parameters  of  the  magnetic  field  pulse,  the 
received  signal  shape  differed  slightly  from  Uie  refer¬ 
ence  signal  in  the  center  of  the  r£A/-chamber. 
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In  addition,  we  examined  tlie  limits  of  the  time  pa¬ 
rameters  of  pulses  that  can  be  recorded  by  this  sensor. 
The  measurements  revealed  tliaf  a  peak  decreased  by 
about  10  %  with  tlie  pulse  duration  being  less  than  1 
,us,  the  lime  of  increase  and  decrease  of  tlie  measured 
pulse,  at  the  level  of  0.1  f/,„ax  was  1.7  ns. 
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Fig.  2.  Estimation  of  signal  shape  distortion 
a)  signal  at  the  input  of  the  TE/W-chamber; 
b)  signal  from  the  magnetic  Herz  dipole  antenna; 
c)  signal  at  the  output  of  the  TEM-chamber; 
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The  sensitivity  of  the  sensor  was  determined  as  a  rela¬ 
tion  between  the  resistance  at  the  sensor  output  and  the 
strength  magnitude  of  the  corresponding  field  compo¬ 
nent  in  the  center  of  the  TW-chamber.  The  sensitivity 
of  tlie  sensor  of  the  electromagnetic  field  H-component 
was  0,24  V/(A/m). 

CONCLUSIONS 

The  measurements  have  demonstrated  that  the  mag¬ 
netic  field  sensor  can  receive  the  pulse  signals  with  the 
increase  time  more  than  1,7  ns  and  the  pulse  duration, 
at  the  level  of  0.1  Unm,  less  than  1  ps.  It  is  applicable 
in  the  experimental  investigations  of  antennas  for 
measuring  Uie  amplitude  and  sliape  of  the  H- 
component  of  the  pulsed  electromagnetic  field. 
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ABSTRACT 

The  nonlinear  synthesis  problems  of  antenna  arrays 
according  to  the  given  amplitude  radiation  pattern  (RP) 
are  solved  by  the  method  which  regards  the  mutual 
coupling  of  radiators.  The  mutual  coupling  is  taken  into 
account  by  solving  the  boundary  problem  of  the  high- 
frequency  electrodynamics  on  tlie  multi-connected 
areas.  The  variational  formulation  of  problems  is  con¬ 
sidered.  It  is  reduced  to  solving  the  nonlinear  integral 
or  matrix  equations  -  the  Euler  equations.  The  numeri¬ 
cal  algoritlim  of  solving  for  optimum  generation  mini¬ 
mization  sequence,  which  weakly  convergences  to  the 
point  of  the  local  minimum  is  developed.  The  branch¬ 
ing  of  solutions  in  tlie  case  of  linear  vibrators  sj’nthesis, 
is  investigated  by  the  methods  of  nonlinear  analysis  [1], 
The  number  of  solutions  to  these  problems  and  their 
qualitative  characteristics  are  dependent  on  both  the 
electrical  size  of  the  array  and  the  properties  of  the 
given  RP. 

FORMULATION  OF  THE  PROBLEM 

The  antenna  under  consideration  consists  of  a  system  of 
ideal-conduction  radiators  placed  in  the  infinite  ho¬ 
mogenous  isotropic  media.  There  are  a  lot  of  publica¬ 
tions  where  analysis  problems  of  the  radiator  or  array 
of  radiators  are  investigated.  The  method  of  integral 
equations  [3-6]  is  the  most  resulting  approach  for 
solving  the  antenna  array’s  analysis  problem.  Thus,  the 
systems  of  linear  integral  Hallen  and  Poklington  equa¬ 
tions  are  usually  used  for  solving  the  numerous  practi¬ 
cal  analysis  problems  of  linear  vibrators  and  different 
kinds  of  spiral  radiators. 

The  system  of  integral  equations  for  abstract  radiators 
in  the  operator  form  can  be  written  as: 

r7  =  A'^'".  (1) 

Here  B  is  a  linear  matrix-integral  operator  from  the 
Hilbert  space  H ,■  =L%  ®L%  _  of 

functions  which  are  integraliable  with  square  to  the 

Hilbert  space  Hg  ®L^^  ®---®lJ;^  The 

(G, )  (Ct2  )  ) 

functions  of  current  distributions 

(Sfj)  (with  regard  to  the 


mutual  coupling  of  radiators)  belong  to  the  space  Hj, 
the  functions  of  the  extrinsic  electric  field 
£^'”  =  t''Xsi),r:"(x2),. (Xjv)  belong  to  the 
space  Hg . 

The  system  (1)  is  the  Fredholm  system  of  linear  inte¬ 
gral  equations  of  1st  type  and  tlie  problem  of  finding 
Uie  solutions  is  incorrect.  But  the  kernels  are  of  Green’s 
type,  that  have  the  peculiarity.  This  makes  it  possible  to 
apply  the  self-regularization  for  finding  the  stable  solu¬ 
tions  [2].  The  direct  numerical  methods,  based  on  the 
interpolation  and  collocation  methods,  are  most  elabo¬ 
rated  one  for  solving  the  integral  equations  of  the  first 
type  with  tlie  logarithm  peculiarity  in  the  kernel. 

Let’s  assume  there  are  the  regularization  algoritlim  for 
finding  the  stable  solutions  of  the  system  (1)  and  it  has 
the  form: 

(2) 

Here  is  the  linear  limited  operator  from  Hj?  to 
Hj. 

The  vector  radiation  pattern  of  the  antenna  array  can  be 
written  as: 

7(9,  T)  =  h  (9, 9)4  +  /<p(9, 9)4  •  (3) 

Here  4,4  °*3s  of  the  spherical  system. 

Using  the  linear  integral  operator  A  =  ,  RP  can 

be  written  as: 

J  -  A J  =  A^Je^  +A^Je^^ .  (4) 

Operator  A:H  ■  ->Cf,  where  Cf  =  C  ~®C-  is  a 

complex  space  of  the  continued  vector-functions  with 
unifonii  and  mean-square  metrics,  Q  e  R2  is  some 
two-dimensional  region.  The  form  and  properties  of  A 
operator  depend  on  the  t>pe  of  radiators  as  well  as  on 
tlie  geometiy  of  antenna  array.  Using  (2),  (4)  the  syn¬ 
thesis  RP  is  defined  as: 

7  =  .  (5) 
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The  above  fonnulas  determine  the  direct  dependence  of 
RP  on  the  exstrinsic  electric  field. 

The  problem  of  synthesis  is  considered  as  the  minimi¬ 
zation  problem  of  the  following  functional: 


on  the  Hilbert  space  Hj? .  Tiie  first  two  terms  in  (6)  are 
the  mean-square  components  deviation  of  the  synthesis 
amplitude  pattern  from  the  given  RP,  and  the  last 
summand  puts  a  limitation  on  the  norm  of  electric 
field,  a  is  a  parameter  of  regularization. 


THE  BASIC  SYNTHESIS  EQUATIONS 
The  minimization  of  functional  is  reduced  to  solv¬ 
ing  the  Euler  equations  for  : 

-  -I- 

(7) 

Equation  (7)  is  a  nonlinear  one  with  the  Hammerstein 
type  operator  in  the  right-hand  part  and  with  a  linear 
operator  in  the  left  part  of  equation.  Using  the  operators 
and  /l(pB'’  to  the  both  sides  of  expression  (7) 

and  taking  into  aceonnt  formula  (.5),  we  obtain  the 
system  of  nonlinear  operator  equations  with  respect  to 
the  components  of  RP: 

Operators  are  self- 

adjoin  and  positively  half-determined. 

In  a  general  case,  the  anahlical  and  numerical  investi¬ 
gations  of  solutions  to  the  equations  (7),  (8)  are  very 
complicated.  However,  considering  the  Euler  equations 
in  the  operator  form  makes  it  possible  to  apply  the 
methods  of  tlie  nonlinear  functional  analysis  and  to 
construct  the  general  numerical  algorithms.  The  exis¬ 
tence  of  solutions  to  the  equations  (7),  (8)  is  proved  by 
the  following  theorem: 


Theorem  1.  Let  A  :H j^Lf  be  a  linear  compact  op¬ 
erator  and  B~^  be  a  linear  boundary  op¬ 

erator.  Then  functional  has  a  minimum  at  some 
point  E^'^’  eHf.  and  the  equation  (7)  in  the  space 
Hp^  and  equation  (8)  in  the  space  Cy  both  have  at 
lea.d  one  solution. 

We  note  two  important  properties  of  the  systems  (8): 

1.  If  /g,/(p  are  solutions  of  the  system  (8),  then  com¬ 
plex-adjoint  functions  /g,/(p  are  the  solutions  of  the 
system  too. 

2.  If  /g,/^  are  solutions  of  system  (8),  then  fiinctions 
f^e’’^ ,  (where  j  is  the  arbitrary  constant)  are  the 
solutions  too. 

THE  NUMERICAL  SOLVING 
OF  THE  SYNTHESIS  PROBLEM 

In  the  base  of  the  iteration  process  of  finding  the  solu¬ 
tions  to  equation  (7)  we  put  the  implicit  scheme  of 
successive  approximation  method: 

o/^,  +(4pg-i)r4pS">^'i  = 

(p- 0,1,2,...).  (9) 

Here  p  is  the  iteration  number.  The  following  theorem 
is  actual  for  the  sequence  \^p''  from  (9): 

Theorem  2.  The  sequence  which  is  generated  by 

the  iterative  process  (9)  is  a  relaxation  for  the  func¬ 
tional  CT(x ,  that  is 

for  p=  0,1,2,... 

With  respect  to  (10)  and  taking  into  account  the  limita¬ 
tion  of  functional  from  below  w'e  obtained  the  con¬ 
vergent  sequence  {:ra()^p”)  • 

We  numerically  investigated  the  synthesis  of  the  5- 
elements  antenna  for  the  conical-spiral  radiators  with 
two  arms.  The  tops  of  cones  arc  located  along  the  axis 
OX  with  crosselement  distance  0.5X .  The  amplitude 
RP  is  given  in  the  area  Q  =  (vSi  e  [o,  7t  /6],  cp  e  [o,27t]  by 
the  expression  Fg  (T,  cp)  =  F(p(S,  cp)  =  |cos(3S)j .  The 

linear  system  of  the  integral  equations  of  the  Pokling- 
ton  type  is  used  for  solving  the  analysis  problem: 
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N  r 

Z  J ,  S„, )  •  (?„ ,  )  - 


dSi^ds^ 


ds,„ 


(n  =  l,N). 


(11) 


Here  is  a  parameter  equal  to  the  length  of  the  wire 
from  its  beginning;  is  a  component  of  the 

current  vector  at  the  point  tangential  to  the  axis  of 
the  m-th  radiator;  k  is  the  wave  number;  is  the 
unit  vector  tangential  to  the  axis  of  the  m-th  radiator  at 
the  point  s^;  G(s„,s^)  is  Green’s  function; 

is  a  component  of  the  outside  current  vector  at  the  point 
s„  tangential  to  the  axis  of  tlie  m-i\v  radiator;  W  is 
the  wave  resistance. 


CONCLUSION 

The  described  above  problem  of  synthesis  and  the 
method  of  its  solving  take  into  account  the  vector  char¬ 
acter  of  electromagnetic  field.  They  admit  the  generali¬ 
zation  of  synthesis  on  other  types  of  antenna  arrays,  for 
example  the  confonn  array.  The  iteration  process  for 
numerical  finding  the  minimum  points  of  the  func¬ 
tional  is  constructed.  It  generates  the  minimization 
sequence,  which  weakly  converges  to  one  of  the  points 
of  local  minimum. 
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The  numerical  solving  of  the  s}mthesis  problem,  with 
respect  to  (7),  is  reduced  to  finding  the  solutions  of  the 
nonlinear  algebraic  system  of  equations.  On  the  base  of 
equation  (9)  we  design  the  iterations  process.  The  re¬ 
sults  of  sjmthesis  are  shown  in  the  plane  q)  =  0°  in 
Fig.  1. 
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The  character  of  radio  waves  propagation  when  de¬ 
tecting  low  flying  targets  over  a  sea  suiface  essentially 
depends  on  the  distribution  of  temperature,  pressure, 
humidity  of  air  and  hence  on  the  height  distribution  of 
refractive  index.  Typical  height  dependences  of  the 
modified  refractive  index  M  on  height  h  above  the 
Black  sea  measured  by  refractometer  are  shown  in 
Fig.  1  for  July  (curve  1)  and  August  (curve  2).  An  ex¬ 
ample  of  a  the  mentioned  diurnal  dependence  is  given 
in  Fig.  2.  The  regular  measurements  were  accom¬ 
plished  in  a  height  range  from  0  to  30  meters  and  the 
separate  measurements-  up  to  heights  of  several  kilo¬ 
meters.  When  analyzing  the  curves  (Fig.  1,  2)  we  can 
deduce  that  they  M  (h)  have  the  characteristic  breaks 
showing  an  possibility  of  near-the-surface  and  elevated 
tropospheric  waveguide  occurrence.  Maximum  tropo¬ 
spheric  waveguide  heights  didn’t  exceed  200...  1500 
meters. 


M  (h) 


h,  m 

Fig.  1 

The  theoiy  of  radio  waves  propagation  near  Earth  sur¬ 
face  has  been  presented  in  a  number  of  scientific  works, 
for  example,  in  [1].  But  insufficient  attention  was  paid 
to  questions  of  low  flying  targets  radar  in  these  cases 
because  of  irregularity  of  tropospheric  waveguides.  We 
carried  out  the  analysis  of  a  radar  channel  consisting  of 
coastal  (ship)  radar,  tropospheric  waveguide  and  low 
flying  target  over  tlie  sea  surface.  The  exact  calculation 
of  electromagnetic  field  in  a  radar  channel  is  impossi¬ 


ble  in  a  case  like  that  since  the  tropospheric  refractive 
index  and  the  conductivity  randomly  depend  on  height 
and  distance,  and  character  of  tlie  radio  wave  scattering 
by  a  target  or  sea  surface  is,  as  a  rule,  unknown. 


Fig.  2 


The  exact  solution  of  the  electromagnetic  problem  for  a 
simplified  mathematical  model  of  radar  channel  can  be 
found  in  some  conditions.  In  this  case  the  troposphere 
is  assumed  to  be  spherically-stratified  with  a  conduc¬ 
tivity  equal  to  zero.  Sea  surface  is  represented  as  a 
perfectly  conducting  spherical  one  with  the  radius  equal 
to  the  one  of  tlie  Earth,  and  the  target  as  an  object, 
shaped  as  a  perfectly  conducting  sphere  shaped  as  witli 
a  known  scattering  diagram. 

Mathematical  description  of  an  electromagnetic  excita¬ 
tion  of  a  sea  tropospheric  waveguide  is  an  extremely 
difficult  task.  In  [2]  we  have  presented  the  approximate 
method  of  the  analysis  of  a  radar  channel.  The  main 
attention  was  given  to  calculation  of  an  electromagnetic 
field  inside  of  tropospheric  waveguide  by  tlie  geometri¬ 
cal  optics  method.  It  was  shown  that  electromagnetic 
wave,  radiated  by  a  radar  in  the  antenna  beam  can 
propagate  in  follow  ing  ways:  a)  by  steps,  being  re¬ 
flected  from  the  sea  surface  at  each  step  and  staying 
inside  tropospheric  waveguide  (in  tliis  case  we  shall 
name  all  jumping  trajectories  as  the  first-tjpe  trajecto¬ 
ries);  b)  purely  by  waveguide  mechanism,  staying  in¬ 
side  the  tropospheric  waveguide  and  not  falling  on  the 
sea  surface  (the  second-type  trajectories);  c)  leaving  the 
tropospheric  waveguide  (trajectories  of  the  third  type). 
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During  electromagnetic  waves  propagation,  various 
trajectory  transformations  of  one  type  into  another  are 
probable. 

The  results  of  experiments  do  not  show  strong  echo 
from  near  zone,  that  should  be  inherent  for  waves 
propagating  along  trajectories  of  the  first  type.  However 
signals  reflected  from  large  distances  were  being  fre¬ 
quently  detected.  As  it  has  turned  out,  the  azimuth- 
distance  dependences  of  the  received  signals  intensity 
were  similar  to  a  relief  of  the  opposite  coast  of  the  sea. 
One  of  characteristic  radar  portraits  of  the  opposite  sea 
coast  is  given  in  Fig.  3.  It  is  easy'  to  see  that  the  detec¬ 
tion  of  the  signals  reflected  from  an  opposite  coast  is 
possible  if  radiowaves  propagate  along  the  second  type 
trajectories. 


The  signals  level  measurements  were  carried  out  inside 
tropospheric  waveguides  by  tw'o  antennas  mounted 
above  a  sea  surface  respectively,  at  heights  5  and  25 
meters  at  a  distance  from  radar  up  to  90  kilometers. 
The  average  results  of  measurements  are  shown  in  Fig. 
4.  From  the  analysis  of  curves  we  can  deduce  that  near 
to  a  sea  the  surface  electromagnetic  wave  in  a  layer  of 
thickness  of  less  than  20... 25  meters  can  propagate  up 
to  large  distances.  It  is  evident  that  radar  of  ships  and 
low  flying  target  is  possible  under  some  conditions.  The 
best  conditions  for  radar  were  since  May  till  November. 

P  ,d  B 


It  is  confinned  by  Fig.  5  where  the  distribution  in 
months  of  average  intensity  of  the  signals  reflected 
from  an  opposite  coast  is  presented.  When  detennining 
this  parameter  the  cases  were  taken  into  account  when 
the  signals  were  not  registered  in  general. 


A  .  d  B 

6  0-1 


Fig.  5 


Experiments  require  significant  efforts  and  time.  The 
calculation  of  an  electromagnetic  field  by  the  method  of 
geometrical  optics  show's  in  a  number  of  cases  excess 
sensitivity  of  the  received  results  to  changes  of  tlie 
input  data,  that  is  why,  this  method  isn’t  universal.  The 
solution  of  Maxwell’s  equations  with  respect  to  a  tropo¬ 
spheric  waveguide  model  results  in  the  differential 
equation  of  tlie  second  order  in  partial  derivatives  with 
tlie  right  part.  Its  approximate  solution  by  known 
methods  requires  significant  expenses  of  a  computer 
resource  and  not  always  leads  to  the  steady  results.  The 
simplifications  of  the  differential  equation,  for  example, 
refusal  of  the  taking  into  account  of  radiator  character¬ 
istics  and  preservation  of  the  physically  reasonable 
boundary  conditions  are  possible.  In  this  case  the  dif¬ 
ferential  equation  can  be  solved  by  using  the  separation 
of  variables.  The  application  of  the  integral  equations 
method  for  the  problem  of  an  electromagnetic  field  in 
tropospheric  waveguide  computation  is  also  possible. 
These  and  many  other  problems  await  for  further  in¬ 
vestigation, 
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Up  to  now,  the  problem  of  electromagnetic  field  calcu¬ 
lation  in  urban  environment  is  topical.  It  is  due  to  both 
intensive  development  of  a  mobile  radio  communica¬ 
tion  means  and  problems  of  electromagnetic  compati¬ 
bility  of  radioelectronic  means  provision.  There  are 
different  approaches  to  the  solution  of  this  task  —  de¬ 
termined  [1-6],  statistical  [7-9],  and  also  complex  [10]. 
However,  accuracy  of  offered  methods  in  a  number  of 
cases  is  insufficient. 

In  Fig.  la  is  shown  the  example  of  urban  building.  Tlie 
letters  "BS"  on  it  mark  base  station,  "MT"  —  mobile 
telephone.  In  Fig.  lb,c  are  show'n  sideways  and  from 
above  view  on  urban  building,  direction  of  the  basic 
waves  falling  from  BS  (within  the  framew'ork  of  the 
geometrical  theory  of  diffraction  approach)  on  top  and 
lateral  edges  (TE  and  LE)  of  the  buildings,  in  a  point  of 
an  arrangement  MT.  At  modeling  the  follow'ing  as¬ 
sumptions  were  used.  Each  building  w'as  simulated  by 
the  thin  screen  with  height  and  length  equal  to  height 
and  length  of  a  building.  In  tliat  it  was  supposed,  that 
the  primary  wave  from  BS  is  spherical,  and  polariza¬ 
tion  of  the  antenna  BS  is  vertical.  The  distance  from  BS 
up  to  the  nearest  building  is  those,  tliat  it  is  a  front  of  a 
spherical  wave,  falling  on  it,  on  TE  and  LE  locally 
flats.  In  that  the  directions  of  locally  flat  waves  fall  on 
TE  and  LE  of  screens  lay  in  planes,  nonnal  (or  near  to 
normal)  for  TE  and  LE.  The  waves  fonued  in  result  of 
diffraction  on  TE  and  LE  of  buildings,  are  locally  cy¬ 
lindrical.  The  structure  of  a  terrestrial  surface  betw'een 
buildings  is  such,  that  a  cylindrical  waves  after  reflec¬ 
tion  remains  locally  cylindrical.  Only  the  complex 
amplitude  of  the  reflected  wave  is  changed. 

With  distribution  from  BS  to  MT  the  signal  try'  a  mul¬ 
tiple  diffraction  on  TE  and  LE  of  screens,  as  show'n  in 
Fig.  la,b.  On  an  antenna  MT  tlrere  come  w'aves,  scat¬ 
tered  TE  and  LE  «  and  n  +  1  buildings.  The  w'aves, 
incident  on  these  buildings,  were  considered  as  a  sum 
of  a  direct  field  and  fields  formed  in  a  result  of  consis¬ 
tent  diffractions  on  TE  and  LE  of  all  previous  build¬ 
ings.  The  registration  repeated  multiple  overreflections 
and  diffractions  between  buildings  did  not  give  notice¬ 
able  modifications  of  modeling  results.  The  diffraction 
on  upper  and  side  edges  of  a  screen  was  considered  as  a 
diffraction  on  edge  of  a  conducting  half-plane  [11]. 


BS 


C 


Fig.  1 

From  Fig.  1  b,c  it  can  be  seen,  that  basic  channels  of 
propagation  of  an  electromagnetic  field  UHF  in  city  are 
the  following; 

1.  in  free  space  above  roofs  of  buildings; 

2.  a  result  of  a  diffraction  on  roofs  of  standing  one  after 
another  buildings; 

3.  a  result  overreflection  from  of  a  terrestrial  surface; 

4.  a  result  of  a  diffraction  on  lateral  edges  of  buildings. 

A  sequence  of  buildings  with  a  height  Hi  =  H2  =  ...  = 
Hn  =  30  m  and  length  Li  =  L2  =  ...  =  Ln  =  150  m  and 
with  a  distance  between  them  di  =  d2  =  ...  =  dn  = 
100  m  was  considered  in  this  model.  Analyze  has 
show'll,  that  if  tlie  antenna  BS  is  above  the  level  of 
buildings'  roofs  (HbS  ^  40  basic  propagation  paths 
are  above  roofs  and  channel  through  upper  edges  of 
buildings.  The  signal  strength  by  other  propagation 
path  is  more  than  50  dB  below  [12].  If  the  antenna  BS 
is  located  below  than  level  of  buildings  roofs  (Hbs  “ 
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20  m),  basic  the  channel  through  upper  edges  of  build¬ 
ings  is,  and  the  signals  from  other  channels  are  less 
basic  on  15  dB  and  more. 

For  such  sequence  of  buildings  is  accounted  and  ana¬ 
lyzed  dependencies  of  losses  from  number  of  buildings, 
height  and  length  of  buildings,  distance  between  them, 
height  of  antenna  BS  rise,  position  of  anteima  MT  [12], 

For  an  evaluation  of  an  accurac}'  of  the  developed 
model  the  experimental  researches  were  carried  out. 
For  this  purpose  the  site  of  urban  building  in  Moscow  is 
choose,  shown  in  Fig.  2.  The  objects  of  scattering  1-10 
represented  5-storied  houses  by  a  height  approximately 
18m.  Between  houses  located  the  high  trees,  which 
crowns  were  at  a  level  of  buildings  roofs. 

The  measurements  of  power  signal  level  were  carried 
out  by  a  mobile  radio  telephone  with  spiral  —  dipole 
antenna  at  869  MHz.  The  reception  antenna  located 
vertically  at  the  height  1.6  m.  The  transmission  power 
was  2  W.  The  antenna  of  the  transmitter  located  at  the 
height  45  m.  The  location  of  the  antenna  is  depicted  by 
an  asterisk  in  Fig.  2.  The  direction  of  pattern  maximum 
is  depicted  in  Fig.  2  greasy  arrow. 


Fig.  2 


The  measurements  were  carried  out  in  space  area  be¬ 
tween  2  and  3  buildings  (the  route  is  showm  by  a  dotted 
line  in  a  circle)  with  an  interval  0.1  m  along  a  line 
parallel  axis  OX,  parallel  axis  OY  and  along  a  line 
parallel  axis  OZ,  directed  perpendicularly  plane  of 
figure. 

The  experimental  and  calculated  data  were  compared 
with.  At  that  the  fields,  scattered  lateral  edges  of 
buildings  6-10  were  estimated.  They  have  appeared 
more  than  30  dB  less  of  signals  level  coming  through 
roofs  and  left  LE  of  the  buildings  1-3.  The  signal 
coming  tlmough  right  LE  of  buildings  1-3  because  of 
consistent  diffractions  on  these  edges  was  more  tlian  20 
dB  less  above-stated  signals.  Thus,  basic  channels  in 
the  given  example  have  appeared  paths  through  a  roof 
and  left  LE  of  buildings  1-3. 


The  results  of  calculated  and  experimental  data  com¬ 
parison  are  depicted  in  Fig.  3  a,b,c  (the  solid  lines  show 
theoretical  results,  squares  -  experimental  data).  As  it  is 
visible  from  figures,  the  rather  good  correspondence  of 
average  level  calculated  and  experimental  results  is 
observ'cd.  So,  arithmetic  mean  value  of  difference  be¬ 
tween  caleulated  and  experimental  data  along  a  line 
parallel  axis  OX  is  equal  1.6  dB,  along  a  line  parallel 
axis  OY  -  1.4  dB,  and  along  a  line  parallel  axis  OZ  — 
-0.4  dB.  The  arithmetic  mean  value  of  difference  on  all 
samples  is  equal  1.4  dB.  The  mean  square  deviation  of 
difference  between  calculated  and  experimental  data  is 
equal  respectively  5.3  dB,  4.0  dB,  7.7  dB  and  4.9  dB. 


a 


y,  m 

b 


z,  in 


c 

Fig.  3 

Thus,  the  developed  algorithm  allows  to  calculate 
strength  of  an  electromagnetic  field  for  sites  of  a  radio¬ 
line,  by  which  the  explained  above  assumptions  are 
applicable.  It  can  be  used  as  a  fragment  of  the  more 
general  determined  approach.  This  approach  allows  to 
calculate  strength  of  a  field  and  created  BS  in  arbitrary 
area  with  a  high  degree  of  accuracy.  One  may  be  use 
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for  frequency  planning,  optimization  of  the  arrange¬ 
ment  BS,  to  solve  tasks  of  electromagnetic  compatibil¬ 
ity  and  series  of  other  adjacent  tasks. 
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It  is  known  that  nowadays  antennas  are  widely  used 
both  as  separate  weakly  directed  radiators,  particularly 
at  superhigh-speed  aircraft,  and  as  elements  of  phasing 
antenna  (PA A). 

At  first  consider  the  problem  of  synthesis  of  a  slot  an¬ 
tennas.  It  is  usefiil  to  present  this  problem  as  two  sepa¬ 
rate  problems,  i.  e.  An  internal  and  an  external  ones. 

While  the  external  problem  consists  in  determination  of 
the  amplitude-phase  distribution  of  a  field  in  exposing 
an  antenna  in  the  prescribed  radiation  pattern,  the 
internal  problem  consists  in  estimating  the  function  of 
sources  that  realize  the  amplitude-phase  distributions  of 
a  field  that  were  found  as  a  solution  of  the  first  prob¬ 
lem.  Thus,  the  external  problem  is  the  problem  of  syn¬ 
thesis  of  the  radiation  pattern,  while  the  internal  prob¬ 
lem  is  that  one  of  synthesis  of  the  field  amplitude-phase 
distribution. 

A  lot  of  papers  of  Russian  and  foreign  authors  are  de¬ 
voted  to  solution  of  tlie  external  problem.  One  can  find 
an  information  at  most  of  them,  for  example,  in  the 
well-known  monograph  [1],  and  w'e  w'on't  dwell  on  this 
problem. 

Consider  in  more  details  solution  of  the  internal  prob¬ 
lem.  It  is  necessary  for  that  firstly  to  investigate  func¬ 
tions  of  sources  and  distribution  of  voltage  that  is  gen¬ 
erated  hereby  along  the  slot.  As  it  is  known,  such  a 
connection  is  written  as  an  integral-differential  equa¬ 
tion.  It  is  not  difficult  to  generalize  this  equation  for  the 
case  of  a  curvilinear  slot,  and  not  only  on  the  plane 
screen  [2]. 

The  problem  of  analysis  consists  in  detennination  of 
field  distribution  in  a  slot  on  tlie  prescribed  function  of 
excitation.  For  the  narrow’  slot  of  length  L  and  width  d, 
it  is  necessary  to  determine  stress  distribution  between 
the  slot  edges.  The  numerical-analytical  method  [3] 
proved  to  be  the  most  effective  for  this  purpose.  Herea¬ 
bout  the  first  field  (function  of  excitation)  is  prescribed 
(preset)  precisely,  possibly  in  a  kind  of  an  infinite  se¬ 
ries.  The  numerical-analytical  method  reveals  physics 
of  the  processes  which  take  place  in  the  excited  field.  It 
proves  to  be  the  most  essential  when  solving  equations 
for  moderately  thin,  medium,  and  electrically  wide  slot 
antennas.  The  indicated  method  turned  out  to  be  well 
generalized  for  the  case  of  curvilinear,  bucolic,  and 
impedance  slot  antennas,  as  w'ell  as  S5'stems  of  the 


mentioned  antennas  and  the  antennas  situated  near  the 
medium  interface. 

High  efficiency  of  numerical-analytical  methods  has 
been  demonstrated  for  the  antennas  considered  in  pub¬ 
lications.  The  possibility  to  attain  any  preset  precision 
is  shown  [4]. 

Separately  there  are  considered  problems  of  integral- 
differential  equations  solution  for  infinitely  thin  slot 
antennas,  when  the  slot  latitude  can  be  unlimitedly 
lessened  down  to  zero.  The  specific  difficulties  of  such 
equations  solution  have  been  revealed. 

THE  ELECTROMAGNETIC  ANALYSIS 
OF  SLOT  ANTENNAS 

Know'ledge  of  the  electric  and  magnetic  currents  on  a 
surface  of  the  antenna  plate  enables  one  to  detennine 
the  antennas  main  electrodynamic  characteristics;  input 
conductance,  radiation  power,  electromagnetic  field  in 
far  and  near  zones  [2]. 

There  are  also  discussed  problems  of  parametric  syn¬ 
thesis  of  antennas  to  achieve  the  optimal  coordination 
in  a  frequency  range  or  to  obtain  the  required  radiation 
pattern.  A  successful  solving  of  the  parametric  synthe¬ 
sis  problems  is  caused  in  many  respects  by  high  effi¬ 
ciency  of  the  numerical-analytical  method  for  integral- 
differential  equations  solution. 

PROBLEMS  OF  INTERNAL  SYNTHESIS 
OF  SLOT  ANTENNAS 

It  is  possible,  on  the  base  of  integral  relations  between 
functions  of  excitation  and  stress  in  a  slot,  to  conduct 
the  detailed  investigation  of  methods  of  solving  the 
problem  of  synthesis  of  the  amplitude-phase  distribu¬ 
tion  of  a  field  in  slot  antennas  [5]. 

The  main  integral  relation  between  stress  and  function 
of  sources  is  presented  in  the  operator  fonn,  and  func¬ 
tions  of  stress  and  sources  are  considered  as  elements  of 
complex-valued  Gilbert  spaces.  The  properties  of  the 
integral  operator  of  the  considered  problem  of  synthesis 
are  studied.  It  is  shown  that  it  is  a  quite  continuous 
operator  in  Gilbert  space.  The  properties  of  function  of 
sources  on  a  complex  plane  and  a  material  axis  are 
considered  as  well.  For  solving  the  considered  integral 
problem  of  synthesis,  the  apparatus  of  regulation  of  the 
incorrectly  set  problems  of  mathematical  physics  is 
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used  [1].  This  apparatus  allows  to  consider  the  stable 
solution  of  the  synthesis  problem  and  estimate  this 
stability.  There  is  found  the  necessary'  connection  be¬ 
tween  the  pre-set  stress  reproduction  error  in  a  slot  and 
the  error  of  realization  of  function  of  sources,  due  to 
which  tliis  stress  is  generated. 

The  found  continuous  function  of  sources  is  in  general 
difficult  for  practical  realization.  Therefore  there  are 
proposed  methods  of  substitution,  with  a  high  precision 
degree,  of  the  continuous  function  of  excitation,  for  the 
system  of  discrete  sources  that  are  convenient  for  prac¬ 
tical  realization.  Such  a  substitution  proves  to  be  possi¬ 
ble  when  solving  the  integral  problem  of  synthesis  by 
methods  of  regularization.  For  this  purpose  the  right 
hand  part  of  the  specially  obtained  integral  relation  of 
tlie  r-econd  type,  connecting  stress  and  function  of 
sources,  is  substituted  by  the  approximate  expression 
with  the  help  of  various  quadrature  formulae.  There  are 
considered  in  detail  the  separate  kinds  of  quadrature 
formulae  Uiat  allows  to  construct  different  schemes  of 
discrete  excitation  of  slots  (in  the  equidistant  points;  in 
the  non-equidistant  points,  when  the  less  realization 
error  is  ensured;  and  in  the  non-equidistant  points  that 
ensure  reproduction  of  the  “base”  of  continuous  func¬ 
tion  of  sources,  etc.). 

The  entire  order  of  solving  the  internal  problem  of 
synthesis  is  described  in  detail,  and  examples  of  its 
solution  for  linear  circular  and  elliptical  slots  are  given. 
Realization  of  solving  the  problem  of  symthesis  of  the 
field  amplitude-phase  distribution  in  slot  antennas  is 
made  with  the  system  of  syanmetrical  strip  lines  with 
the  common  earthed  plates.  It  is  shown  that  the  system 
of  discrete  sources,  electric  currents,  is  to  be  reproduced 
most  efficiently  with  the  set  of  symmetrical  strip  lines 
with  common  earthen  plates,  in  one  of  which  the  cur¬ 
vilinear  radiating  slot  is  cut  through.  The  approxima¬ 
tion  limits  are  determined  that  are  given  by  the  pro¬ 
posed  methods  when  realizing  the  pre-set  amplitude- 
phase  distribution  of  a  field  in  a  slot.  Under  the  chosen 
scheme  of  excitation,  the  necessary'  current  amplitudes 
are  ensured  by  the  discrete  system  of  central  strips  and 
the  power  divider  that  are  built  in  the  strip  system,  and 
phases  are  chosen  for  the  point  of  excitation.  The 
matching  conditions  are  ensured  in  tire  excitation 
points.  As  a  result  a  theory  is  constructed  as  well  as  its 
practical  realization,  for  solving  the  entire  problem  of 
synthesis  of  slot  antennas  with  an  arbitrary  configura¬ 
tion. 
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There  are  works  [1]  considering  tlie  theoretical  princi¬ 
ples  of  radio  waves  propagation  in  above-water  surface 
tropospheric  waveguide,  but  til!  now  a  practical 
evaluation  for  methodical  calculations  of  actual  above¬ 
water  surface  tropospheric  waveguides  has  not  been 
carried  out  yet. 

Therefore  the  purpose  of  tlie  present  paper  is  to  de¬ 
scribe  a  method  allowing  to  detennine  not  only  a  field 
in  the  middle  of  tropospheric  waveguide,  but  a  power  of 
a  signal  reflected  from  a  target  being  at  low  altitude  in 
the  middle  of  tropospheric  waveguide  as  well. 

Let's  the  antenna  be  a  receiving-transmitting  one  and 
creates  in  tropospheric  w'aveguide  formed  by  the  phe¬ 
nomenon  of  a  superrefraction  in  above-water  tropo¬ 
spheric  layers  a  complicated  enough  picture  of  rays 
represented  in  a  Fig.  1,  with  a  lot  of  rereflections  and 
caustics,  that  is  stipulated  by  focusing  abilities  of 
smoothly  -  inhomogeneous  troposphere  [1]. 


Then  all  the  electromagnetic  waves  can  be  presented  as 
N-data-flow  tubes  with  azimuth  circular  width  equal  to 
cpo  sf,  i.e.  width  of  the  radiation  pattern  (RP)  of  radar¬ 
tracking  station  (RTS)  antenna  in  the  azimuth  plane  at 
half  power  level. 

Within  the  limits  of  each  data-flow  tube  rays  trajecto¬ 
ries  are  considered  to  be  of  the  same  type  according  to 
the  strategy  of  choosing  a  minimal  number  of  tubes 
being  optimum  [1,2]  and  depending  on  a  required  accu¬ 
racy  of  radio  charmel  characteristics  according  to 
Fig.  1. 

The  cross-section  of  the  /th  data-flow  tube  can  be  de- 
tennined  [1,  2]  as: 


(1) 


where  r,  —  distance  from  RTS  up  to  the  /th  view  point 
in  tropospheric  waveguide;  cpo.5f  —  antenna  RP  width 
at  half  power  level;  AA,  -  minimal  distance  between 
two  trajectories,  which  create  the  /th  data-flow  tube  at 
distance  r,. 

Let's  assume  that  each  /th  data-flow  tube  is  excited  by  a 
partial  source  of  radio  waves,  radiated  by  RTS  with 

power  p/N  and  gain  equal  to  a  product  G’^  /^^(a.cp), 

where  —  gain  of  partial  RP,  and  F’^(a,(p)  —  RP 
with  respect  to  RTS  antemia. 

Then  power  flow  density  in  each  data-flow  tube  is  [1] 

If  tlie  target  is  at  distances  r,  less  than  the  distance  of 
the  first  hop,  then  the  power  a  signal  reflected  from  the 
target  the  RTS  receiver's  input  taking  into  account 
radio  waves  in  tlie  /th  data-flow  tube  is  detennined  by 
method  [1,  2] 


Pr. 


.  P^m^ef njP  /  \ 

A - - - ) 

iV>-A(po,5pA/i,- 


(3) 


where  —  factor  of  radio  waves  propagation  propor¬ 
tional  to  a  signal  attenuation  according  to  the  radar¬ 
tracking  equation  [1]  according  to  Fig.  1, 


„  FG^k^cptc  secO 

P..  = - - Cq, 


for  small  q  (angle  of  meeting  with  sea  surface),  and 


P. 


PG'^}?h^  _ 
(47t)^/i^sin0'^°’ 


for  large  q,  where  P,  —  impulse  power  of  the  transmit¬ 
ter;  G  -  antenna  gain;  L  —  wavelength;  R  —  distance 
up  to  the  target;  cp  —  RP  width  in  an  azimuth  plane  at 
half  power  level;  h  -  beam  width  in  a  vertical  plane  at 
half  power  level;  t  —  pulse  duration;  q  —  angle  of  RP 
axis  RP  with  respect  to  azimuth;  c  —  velocity  of  radio 
waves  propagation;  cto  —  mean  equivalent  reflecting 
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surface  of  sea  plot  of  reflection;  a(x)  —  effective  sur¬ 
face  of  target  scattering  in  limits  of  the  /th  data-flow 
tube;  yiet  m  —  maximum  value  of  effective  square  of 
RTS  receiving  antenna. 

Then  the  amplitude  of  an  electric  field  intensity  £„,■  in 
each  data-flow  tube  is  approximately  detennined  ac¬ 
cording  to  [1]  as: 

j7  ^  |2407tPG„,F^(a,-,(p)  ^4^ 

^  M;Acpo_5pA/2,' 


For  multiple  reflection  of  radio  waves  it  is  necessaiy'  to 
take  into  account  a  reflection  square 


Go  = 


JtAcp^/ 2 

360 


(5) 


and  radiation  polarization  IRozl^,  and  for  certain  glazing 
angle  (Go  is  small  or  large)  the  power  of  reflection  is 
determined  by  expression 


PG,„F^a,  ,((>)  TcAcpg  5^  (  2 
A^rjAcpyA/!,  360 


Taking  into  account  the  expression  (6) 

will  be  the  following 


PG,„F^(a„cp)( 


'nhi^vM  > 


(7) 


where  Ahr„fii  —  minimum  distance  between  two  tra¬ 
jectories  creating  the  /th  data-flow  tube  at  the  end  of  the 
first  hop,  that  is  at  distance  r„u  along  a  ray. 

It  is  necessary  to  mark,  that  on  tlie  second  hop  the  ex¬ 
tension  of  a  data-flow  tube  in  an  azimuth  plane  is  con¬ 
tinuing.  Linear  beam  width  in  the  given  plane  is: 

ALj,  =  AfPo.Sp  (fi/  +  ) ,  (8) 

where  r2,  —  distance  from  a  plot  of  reflection  (end  of 
the  first  hop)  up  to  the  target,  which  is  witliin  the  limits 
of  the  second  hop. 

Linear  beam  width  for  the  //th  hop  in  limits  of  the  /th 
data-flow  tube  is: 


p 

^pi  ~ 

/=! 

where  the  distance  along  ray  n,  is  similar  to  distance  /'2, 
or 


This  distance  to  present  dimensions  of  plot  of  radio 
waves  reflection  jifter  the  first  hop  should  be  such  to 
allow  emerging  of  a  various  kind  of  trajectories  "inter¬ 
lacings",  that  is  boundaries  of  the  focussing  and  defo¬ 
cussing.  For  correct  separation  it  is  necessary  a  line  AB 
(Fig.  1)  to  divide  into  m2  parts,  each  of  which  creates  a 
reflected  wave  propagating  in  the  second  hop  within 
limits  of  ray  tube  of  the  same  type.  In  this  case: 

m2 

Af/2/ = 

«2=l 

where  ^2  —  numbei'  of  ray  tubes  for  the  second  hop. 
Thus,  in  limits  of  the  ith  ray  tube  for  the  second  hop  m2 
ray  tubes  with  the  cross-section 

5,„^»A/.^,A//,„^  (12) 

and  distance  between  two  nearest  trajectories  of  this 
handset  A//,^^  will  be  chosen. 

The  similar  separation  is  necessaiy  to  carry  out  for  each 
consequent  hop.  For  the  p-the  hop 

^m2-np  ~ 

In  (13)  indexes  in  hh  characterize  numbers  of  ray 
tubes,  wliich  were  allocated  fron  the  /tli  tube  for  the 
first  hop,  that  is  from  the  /th  ray  tube  for  the  second 
hop  n2  of  tubes  were  allocated,  on  the  third  —  of 
tubes,  etc.,  for  the  pX\\  hop  —  rip  of  tubes.  Totally  there 
are  Wi  of  tubes  for  the  first  hop,  for  the  second  —  m2, 
for  the  /itht  —  nip.  Total  number  of  ray  tubes  for  p  hops 
is 

p 

K=! 


The  cross-section  of  the  /th  ray  tube  with  number  a  for 
the  //th  hop  is: 


‘^m2...n(p-l)a  ~  ^pi^^hn2...n(p-l)a  ® 
P 

/=! 


(14) 


Analogous  to  (7)  the  power  of  a  signal  reflected  from 
sea  surface  in  any  data-flow  tube  can  be  determined. 
Knowing  the  power  of  signal  distributed  on  the  known 
tube's  (14)  file  power  flow  density  can  be  easily  deter¬ 
mined  by  dividing  power  by  cross-section  square. 

So,  for  example,  in  the  tube  with  number  n2  for  the 
second  hop  the  power  flow  density  is 


The  full  cross-section  of  the  /th  data-flow  tube  on  the 
second  hop: 

A’2,  «  AL2,A//2,  ,  (10) 

where  A//2,  —  minimum  distance  between  tw’o  trajecto¬ 
ries  creating  the  /th  data-flow  tube  for  the  second  hop. 


«'n2 


PrefU 
Sin2  ’ 


(15) 


where  Pre/y  and  *S',„2  are  determined  by  (7)  and  (14). 
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The  power  of  the  signal  reflected  from  sea  surface  after 
passing  the  second  hop  is 


where;  y  —  factor  taking  into  account  pattern  of  secon¬ 
dary  radio  waves  scattering  by  sea  surface;  — 
square  of  reflection  surface  at  the  end  of  the  second  hop 

in  data-flow  tube  with  number  n2,  \Rvhp2\  —  reflectiv¬ 
ity  module  for  vertically  and  horizontally  polarized 
radio  waves  for  plot  of  reflection  in  the  given  data-flow 
tube. 

The  value  S'^ef  „2  is  determined  similarly  to  5'ref  (5). 

Analogous  to  (16)  reflected  signal  power  can  be  deter¬ 
mined  for  any  hop.  Knowing  a  cross-sectional  square  of 
data-flow  tube  it  is  easy  to  detennine  the  power  flow  in 
any  section  of  this  tube.  If  to  multiply  it  by  ESS  of  the 
target  being  in  this  section,  the  power  of  reflected  sig¬ 
nal  can  be  easily  determined  by  known  method.  Here  it 
is  supposed  that  tropospheric  above  -water  surface 
waveguide,  as  a  quadruple,  is  reciprocal:  signal  scat¬ 
tered  from  the  target  propagates  in  direction  of  RTS  on 
the  same  path,  which  it  has  passed  from  RTS  to  the 
target. 


Thus,  detecting  signal  reflected  from  the  target  RTS 
operator  can,  relatively  to  point,  determine  only  azi¬ 
muth  of  the  target.  But,  however,  the  target  can  be  low- 
altitude  or  high-altitude,  and  the  elevation  angle  in 
both  cases  can  be  identical. 

The  indicated  technique  allows  to  evaluate  operatively 
strengtli  electromagnetic  field  intensity  in  any  point  of 
a  line  for  superrefractional  radio  waves  propagation, 
but  disregarding  return  radio  waves  scattering  due  to  a 
state  of  sea  surface. 
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THEORY  OF  ANTENNAS  WITH  NONLINEAR  ELEMENTS 
AND  ITS  APPLICATION 


Y.  S.  Shifrin,  A.  L  Luchaninov,  V.  M.  Shokalo 

Kharkov  State  Technical  University  of  Rtidio  Electronics 
Prospckt  Lenina  14,  Kharkov  310726,  Ukraine 
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The  report  presents  the  results  of  the  research  carried 
out  in  the  Kharkov  State  Technical  University  of  Radio 
Electronics  (KhTURE)  for  about  twenty  years  and 
aimed  at  developing  the  theory  and  techniques  of  a  new 
class  of  antennas  -  antennas  with  nonlinear  elements 
(ANE). 

The  need  to  research  effects  in  the  antennas  including 
elements  with  a  nonlinear  characteristic  had  appeared 
due  to  a  few  reasons.  The  main  one  was  the  expansion 
of  the  scope  of  tasks,  accomplished  with  the  to-date 
radio  electronic  systems,  that  had  led  to  emergence  of  a 
new  type  of  antennas,  whose  functioning  is  inherently 
connected  to  the  presence  of  nonlinear  elements  (NEs). 
These  are  rcctennas,  antenna-mixers,  antenna- 
multipliers,  antenna-generators  and  antenna-amplifiers. 

The  presence  of  NEs  in  an  antenna  causes  the  appear¬ 
ance  of  new  spectral  components  in  its  response  and  the 
dependence  of  antenna  characteristics  and  parameters 
on  the  input  excitation  level.  The  mentioned  effects 
complicate  sufficiently  the  analysis  and  lead  to  the 
necessity  of  computation  of  output  ANE  parameters  at 
every  frequency  (working,  harmonic  and  combination) 
for  different  levels  of  the  input  excitation. 

At  the  time  of  beginning  the  ANE  research  at  KhTURE 
(1980)  the  ANE  theory  was  weakly  developed.  There 
was  a  number  of  simulating  models  and  analysis  meth¬ 
ods  of  antennas  with  lumped  NEs,  which  were  suitable 
for  the  research  of  highly  exceptional  ANE  types  and 
based  on  a  number  of  simplifying  assumptions.  Anten¬ 
nas  with  the  distributed  nonlinearity  were  almost  unex¬ 
plored,  the  development  of  such  antennas  used  to  be 
carried  out  only  experimentally. 

The  mentioned  circumstances  defined  the  goal  of  the 
research  at  KhTURE,  namely,  the  creation  of  tlie  suffi¬ 
ciently  general  theory  of  antennas  suitable  for  the  ade¬ 
quate  analysis  of  the  settle  regime  of  the  whole  variety 
of  antennas  including  NEs  with  lumped  and  distributed 
parameters,  as  well  as  the  application  of  the  developed 
theory  to  investigation  of  specific  ANE  types. 

The  main  achievements  in  developing  the  theory  of 
antennas  with  lumped  and  distributed  NEs  are  follow¬ 
ing. 


For  the  antennas  with  lumped  NEs: 

•  the  genera!  mathematical  model  convenient  for 
analysis  of  a  wide  class  of  ANE  is  proposed.  This 
model  is  given  by  the  set  of  equations  of  state  (ES) 
and  output  equations  as  well  as  equations  for  com¬ 
putation  of  the  external  antenna  parameters.  The 
model  allows  to  investigate  all  nonlinear  effects 
connected  with  forming  of  new  spectral  compo¬ 
nents  in  ANE  response  as  well  as  with  a  nonlinear 
dependence  of  ANE  characteristics  on  the  input 
excitation  level; 

•  the  two-level  iteration  method  of  numerical  solving 
the  set  of  equations  of  state  extending,  in  compare 
with  a  traditional  one,  the  possibilities  of  ANE 
analysis  is  developed.  The  proof  of  this  method 
convergence  is  obtained.  The  convergence  of  low 
and  high  level  iteration  procedures  is  investigated. 
The  modified  high  level  iteration  procedure  con¬ 
verged  with  any  parameters  of  linear  and  nonlinear 
ANE  subcircuits  is  proposed.  The  ways  of  taking 
into  account  tlie  properties  of  the  ANE  linear  sub¬ 
circuit  for  increasing  the  analysis  algorithm  effi¬ 
ciency  are  substantiated; 

.  the  method  of  analjlical  ES  solving  is  proposed. 
This  method  is  based  on  the  use  of  the  Volterra  se¬ 
ries  in  matrix  presentation  and  allows  to  build  the 
so-called  structure  ANE  model,  i.e.  the  model  de¬ 
scribing  the  antenna  in  tenns  of  input-output. 

For  antennas  with  distributed  NEs: 

•  the  mathematical  model  of  the  antenna  with  dis¬ 
tributed  NEs  is  developed.  This  model  is  given:  in 
the  spatial-time  region  by  the  nonlinear  integral 
equations  (NIEs)  for  electric  or  magnetic  field  de¬ 
fined  relatively  to  instant  values  of  current  density 
on  the  surface  of  a  nonlincarly  conducting  radiator; 
in  the  spatial-frequency  region  by  the  set  of  NIEs 
defined  relatively  to  complex  amplitudes  of  fre¬ 
quency  harmonics  of  the  surface  current  density. 
These*  NIEs  are  the  sets  of  the  equations  of  state 
and,  as  in  the  case  of  antennas  with  lumped  NEs, 
allow  to  take  into  account  forming  of  new  fre¬ 
quency  components  in  the  spectrum  of  the  antenna 
response  as  well  as  the  dependence  of  antenna  pa¬ 
rameters  on  the  excitation  level; 
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•  the  sets  of  integral  equations  for  a  number  of  spe¬ 
cific  types  of  antennas  witli  distributed  NEs  are 
obtained  taking  into  account  the  antenna  geometric 
properties,  that  allows  to  simplify  the  NIEs  and,  as 
a  result,  to  increase  their  solving  efficiency; 

•  the  methods  of  solving  the  set  of  NE  based  on 
dividing  the  set  into  linear  and  nonlinear  parts  are 
developed.  This  dividing  allows  to  use  tlie  method 
of  linear  integral  equations  for  defining  the  linear 
part  parameters  and  to  take  into  account  the  non¬ 
linear  properties  of  ANE  w'ith  methods  of  solving 
the  equation  of  state  developed  for  antennas  with 
lumped  NEs. 


In  general  the  developed  ANE  theory  forms  the  suffi¬ 
cient  basis  for  investigation  and  developing  of  various 
types  of  the  antennas  with  NEs,  for  solving  the  task  of 
diffraction  on  a  body  with  lumped  and  distributed  NEs. 

The  efficiency  of  the  developed  theory  has  been  proved 
by  its  application  to  solving  a  number  of  important 
tasks  of  to-date  radio  engineering.  The  originality  of  a 
number  of  new  ANE  types  is  confinned  by  the  Certifi¬ 
cates  of  authorship  and  patents.  The  most  investigated 
are  the  nonlinear  effects  in  systems  of  wireless  power 
transmission.  The  report  presents  results  of  the  first  in 
Ukraine  experiment  on  wireless  power  transmission 
and  investigations  of  one  ANE  type  -  the  large  aperture 
rectenna. 
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PSEUDODIFFERENTIAL  EQUATIONS  METHOD  FOR  SOLVING  PROBLEM 
OF  ELECTROMAGNETIC  WAVE  DIFFRACTION 
ON  CONDUCTING  SCREENS 

Yu.  G.  Smirnov,  A.  A.  Vartanov,  M.  Yu.  Medvedik 

Dept,  of  Mathematics,  Penza  State  University,  Krasnaya,  40,  440017,  Penza,  Russia 
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STATEMENT  OF  THE  PROBLEM 

In  the  following  we  study  the  electromagnetic  scatter¬ 
ing  problem  for  a  bounded  screen.  The  surface  of  tire 
screen  is  assumed  to  be  infinitely  tliin  and  perfectly 
conducting.  Let  Q  be  the  two-dimensional  bounded 
surface  in  with  the  smooth  boundary  SQ  outside  a 
finite  set  of  singular  points.  Let  consider  boundaiy' 
value  problem  for  Ma.xwell  equations 

rotE  =  ikH,  rotH  -  -ikE  in  R\  Im^  ^  0,^  z;  0 ,  (1) 


E  =  ik  '  (gradA,^ (D!vu)+ k~A^uj,  H  -  rotAj u;  k  ^0  , 


1  rex 


-t| 


u(y)ds-,  x  =  {x^,X2,x^). 


The  purpose  of  this  work  is  to  extend  the  method  of 
pseudodiflferential  equations  to  the  electrodynamic 
screen  problem. 


PSEUDODIFFERENTIAL  EQUATIONS 
FOR  SCREEN  PROBLEM 


E,=-Efonn,  (2) 


->  0,  “  ikH^  0  as  r  :=  |x|  ->■  oo  (3) 

(4) 


where  E°  are  the  tangential  electric  components  of  the 

incident  electromagnetic  field  E^,H° .  It  is  supposed 
Uiat  the  sources  of  incident  field  lie  away  from  the 

screen  and,  hence  E?\  e  C®(q)  . 

In 


For  the  functions  EJI  it  is  required  that 
£:,//eC^(/^Ma),  £,  The  static  case 

k  =  0  is  not  considered  because  it  leads  to  the  well 
elaborating  Dirichlct  or  Neumann  scalar  problems  for 
the  Laplacian. 

The  uniqueness  of  the  solution  to  (l)-(4)  holds  because 
for  Im^'  ^  0,A:  the  homogenous  problem  (l)-(4)  has 

at  most  the  trivial  solution.  The  problem  (l)-(4)  can  be 
reduced  to  the  vector  pseudodiflferential  equation 

Lu  •={^radA{Divu)  +  k^AT^  = /,  xeQ,  (5) 


where  A  denotes  the  integral  operator 


ln  =  j 


1--t| 


ii{y)ds , 


(6) 


/:=  47iA'£’°|^  and  Divis  the  tangential  divergence  on 

n  .  Here,  the  tangential  vector  u  is  the  so-called  cur¬ 
rent  density  on  Q .  In  this  case  tlie  fields 
E,H  ^C^{r^  \  are  obtained  by  formula 


Taking  into  account  (6)  the  equation  (5)  can  be  rewrit¬ 
ten  as  the  vector  pseudodifferential  equation  on  mani¬ 
fold  n 

GradET'!^  {Oiv u)  +  k'^ f .  (7) 

Note  that  the  principal  symbol  of  equation  (7)  is  degen¬ 
erated.  In  order  to  study  the  equation  (7),  the  Sobolev 
space  W  is  introduced  in  accordance  with  tlie  asymp¬ 
totic  behaviour  of  the  solution  u  near  the  edge  5Q . 
Define  the  space  of  distributions  W  as  the  closure  of 

Co”(Q)  in  the  norm 

\4l  =\4-y2-^\P‘^A%2- 

One  can  show  that 

If  -  e  e  , 

where  the  Sobolev  space  H'  (U)  is  denoted  in  the  usual 
way.  The  space  If  has  the  following  important  prop¬ 
erty.  Let  If,  and  lf2  be  subspaces  of  IV  such  that 

^  e  W-,Divu  =  O}  lf2  ^  e  W;Rotu  =  0  , 

where  Div  and  Rot  are  the  tangential  divergence  and 
rotor  on  O .  The  space  If  may  be  decomposed  into  the 
direct  sum  of  the  closed  subspaces  If,  and  lf2 ; 
W  =zW,@  f  2  •  By  using  the  method  of  quadratic  forms 
one  can  show  that  it  is  possible  to  consider  L  as  a 
bounded  operator  L  :  If  ->  If ' ,  where.  If'  denotes 
antidual  space  for 

If  :If '  =  :u  e  e  , 

where  M  is  the  closed  surface  such  that  Q  e  Af  . 
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Theorem  1.  For  Im^SO  and  k  there  are  exactly 
one  solution  of  the  equation  (8): 

L{k)u  =  f,uEW,feW'  (8) 

Moreover,  it  is  established  the  limiting  absorption  prin¬ 
ciple.  Let  >  0 ,  k  ^0.  Then  the  bounded  operator- 
function  Zr'  (A:)  exists  and  depends  analjti- 

cally  with  respect  to  k  in  the  neighbourhood  of  every 
real  point  kg  ^0 .  This  implies 

Theorem  2.  Let  lmZ>0,  ImZ(,>0,  kg^^O  and 
f{k)  --  ^fikg)  weakly  as  k  ^ kg.  Then 

u{k) — ^-^u{kg)  strongly  as  k^kg,  where  u{k)  and 
u{kg)  solve  the  problems  L(k)u{k)  =  f{k)  and 
L{kg)u(kg)  =  f{ko). 

THE  BEHAVIOR  OF  THE  FIELDS 
NEAR  A  CORNER 

Consider  a  singular  point  PedD.,  where  SQ  consists 
of  two  arcs  of  two  smooth  curves  intersecting  transver- 
sally  at  the  singular  point.  If  cc(p)  is  the  interior  angle 
of  the  tangent  cone  to  fiat  PedQ,  then  a(/^)  =  n  if 
Pisa  regular  point  and  0  <  a(p)  <  2n ,  a(p)  ^  n  for 
singular  points.  Let  /  e  C“(fi).  We  apply  the  regular¬ 
ity  theory  for  equation  (2)  to  determine  the  values  p  of 
the  critical  exponent  for  singularities  of  the  solution 
|m|  <  Cr~^  near  the  comer  point  P ,  w'here  r  is  the 
distance  to  the  point  P  : 


THE  GALERKIN  METHOD 
IN  THE  VECTOR  3D  CASE 

The  expounded  above  theory  lays  a  firm  ground  for 
w'ork  with  the  electric  field  integral  equation  Lu  f . 
Since  L  possesses  the  Fredholm  property,  for  non¬ 
resonant  wave  number  values  we  may  assume  that  L  is 
a  continuously  invertible  operator.  This  is  automatically 
fulfilled  if  all  these  screens  are  open. 

Consider  an  n  -dimensional  space  V„  c  W  and  let  us 
approximate  u  by  an  element  e  ■  The  Galerkin 
method  suggests  that  «„  is  sought  from  the  Galerkin 
equations 

(Z«„,v)=(/,v)  Vv€F„.  (9) 

These  equations  define  a  finite  dimensional  operator 
L„  ;  V„  ->  ,  where  is  antidual  to  V„  . 

The  principal  difficulty  with  the  electric  field  equation 
(8)  consists  in  that  L  is  no  strongly  elliptic.  However, 
we  are  now  able  to  propose  some  Galerkin  schemes, 
wliich  are  guaranteed  to  converge. 

Theorem  3.  Let  the  electric  field  integral  equation  (8) 
be  such  that  the  operator  L  is  invertible,  and  assume 
that  n  —dimensional  subspaces 

d  IF,  and  a 

possess  the  approximation  property  in  and  IFj 
respectively.  Then  the  Galerkin  method  on  subspaces 
is  guaranteed  to  converge. 

The  scattering  of  the  plane  wave  with  A:  =  1  on  the 
sphere  of  radius  1  is  considered.  The  comparison  of  our 
method  with  the  Rao-Wilton-Glisson  one  is  given  in 
the  following  table: 


The  Rao-Wilton-Glisson  Method 


The  number 
of  unknowns 

72 

162 

288 

450 

The  relative  error 

0.151 

0.108 

0.100 

0.098 

Our  Method 


The  number 
of  unknowns 

144 

324 

576 

The  relative  error 

0.100 

0.048 

0.028 
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FREQUENCY  AND  PULSE  RESPONSES  OF  RESONANT  OBJECTS 
BURIED  IN  A  DIELECTRIC,  DISPERSIVE  HALF-SPACE 


O.  L  Sukharcvsky,  G.  S.  Zalevsky 

Kharkov  military  university 

maidan  Svobody  6,  Kharkov  310043,  Ukraine 


INTRODUCTION 

The  problem  of  numerical  modeling  of  electromagnetic 
frequency  and  pulse  responses  from  resonant  perfectly 
conducting  and  dielectric  objects,  which  are  located  in 
a  dielectric  lossy,  dispersive  half-space,  are  considered. 
An  electrically  short  antenna  is  used  for  the  object 
illumination.  The  magnetic  dipole  is  utilized  as  the 
model  of  such  antenna.  The  numerical  modeling  results 
for  the  perfectly  conducting  and  dielectric  ellipsoids, 
buried  in  the  ground  are  demonstrated  in  the  paper. 


BASIC  CALCULATING  RELATIONS 


The  model  applicable  to  the  considered  problem  is 
shown  in  Fig.  1.  The  electromagnetic  field  source  is  the 
located  inside  free  half-space  Vi  (si  =  1)  magnetic  di¬ 
pole  with  vector-moment  .  Inside  a  bottom  lossy, 
dielectric  half-space  Vz  (ej  =82  bordering  on 

Vi  along  the  plane  L,  there  is  located  object  V3 
(E3  =  e'3  -i-/e3  )  with  the  surface  S.  The  problem  consists 
in  calculating  of  electromagnetic  field  scattered  by  the 
system  “boundary  L-  object  V3”  at  arbitrary  point  of 
half-space  V] . 

In  [1],  there  were  obtained  integral  equations  for  the 
equivalent  current  densities  on  the  surface  of  the  con¬ 
sidered  object  V3  and  integral  relations,  which  permit 
to  calculate  field  scattered  by  the  object  at  any  point  of 
half-space  Vi . 

For  the  case  of  perfectly  conducting  object  ( £3  ->  00 ), 
there  has  been  obtained  the  Fredgolm  integral  equation 
of  the  second  kind  for  the  J^-  electric  current  densities 
on  the  object's  surface: 


•(/^(eo)-2J5(eo))= 


E"d\d\Qorpt) 


(1) 


where  Qq  ,  Q  are  the  observation  and  integration 
points,  respectively,  are  densities  of  electric  cur¬ 
rents  induced  by  the  same  sources,  that  the  ,  but  in 
the  object  absence.  The  kernel  of  integral  equation  (1) 


is  the  electric  field  intensity  (Q 


Qo,p)  of  magnetic 


point  source  located  at  Qq  .  This  field  takes  into  ac¬ 
count  the  presence  of  boundary  L.  Mutually  perpen¬ 
dicular  unit  vectors  Pi,P2  >  tangential  to  the  surface  S 
at  the  point  Qq  ,  indicate  the  orientation  of  magnetic 
vector-moment  of  auxiliary  point  source. 

For  the  dielectric  object,  there  has  been  obtained  the 
system  of  surface  Fredgolm's  integral  equations  of  the 

second  kind  for  the  ,J"' -  equivalent  electric  and 
magnetic  current  densities,  respectively; 


P2 


-Pi 

—  K 

iri\  J 


■  (f  (Qo  )(S2  +  S3  )  -  2.7 (Qq  )83)  = 


Qorpi) 

A//J(0 

Qo,ph 

^'”(063  + 


Qo^ph 
Q0-P2) 


P2 

-Pl 


■J^(Q)}ds, 


AfiS’(Q 

Qo,Pi) 

Af7^(Q 

Qo^P2^ 

I 

\^d(Q 


|eo,A“)| 
\Q^rpl7 


.j'”(0+ 


■J%Q)]ds, 


(2) 


(Qq 

The  kernels  of  the  system  of  the  integral  equation  (2), 
are  the  differences  of  the  fields  of  electric 

Efn  -f^d2-— fd^i .  = 5^2  -  D^di 

S3 

and  magnetic 

A777=Hd2-^d\,  ^d=E^2-E'^i 

vector  point  sources,  w'hich  take  into  account  the  influ¬ 
ence  of  boundary  L.  Here  1(2)  =  ^Q^2{3)Ed  ■  Indices 
1,  2  indicate  the  different  parameters  of  dielectric  me¬ 
dia. 
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After  solving  equations  (1),  (2),  the  electroinagnetic 
field  can  be  calculated  at  any  points  of  half-space  V] 
scattered  by  the  object  using  formulae: 


=  -\E'SiQ\QQ,r^)-j\Q)ds  ,  (go  eV,)  (3) 
X 


in  the  case  of  perfectly  conducting  object,  and 


-mr^  ■(^(eo)->^ir(eo))= J 


00.^"') -^'"(0+ 


+  ^’hQ\Q<^y'l-j\Q)]ds  ,  (00  eV,)  (4) 


in  the  case  of  dielectric  object. 

The  developed  numerical  calculating  algorithm,  based 
on  relations  (1-4)  permits  to  obtain  frequency  re¬ 
sponses  of  the  objects  buried  inside  dielectric  half¬ 
space.  The  pulse  responses  of  considered  objects  can  be 
calculated  by  applying  of  Fourier  transform  to  the  ob¬ 
tained  frequency  functions.  Below,  the  numerical  mod¬ 
eling  results  for  a  number  of  particularly  cases  are 
demonstrated. 


(Fig.  3a)  and  dielectric  (Fig.  3b)  buried  ellipsoids 
which  take  not  into  account  the  component  caused  by 
the  air-ground  interface  reflection. 


In  Fig.  3c  are  depicted  frequency  responses  from  di¬ 
electric  ellipsoid  with  parameters  corresponding  to 
Fig.  3b,  but  for  the  case,  when  ellipsoid  is  rotated  at 
angle  0  =  10°  in  the  plane  XOZ  (Fig.  1). 


CALCULATION  RESULTS 

In  accordance  with  the  proposed  algoritlun,  tlie  inten¬ 
sity  of  the  magnetic  field  scattered  by  various  objects 
located  in  the  ground  has  been  calculated.  In  this  paper, 
frequency  and  pulse  responses  of  perfectly  conducting 
and  dielectric  ellipsoids  are  presented.  The  objects  were 
illuminated  by  ultra-wideband  signal  with  uniform 
discrete  spectrum  from  100  to  1000  MHz.  Interval 
between  the  spectrum  lines  has  been  50  MHz.  For  ob¬ 
ject  illumination  and  scattered  field  receiving,  there 
were  used  electrically  short  loop  antennas  A],  A2. 

Magnetic  dipoles  with  vector-moments  ori¬ 

ented  along  axis  OX  (see  Fig.  1)  were  utilized  as  the 
model  of  used  antennas.  The  dipoles  height  above  the 
ground  was  h^  =  50  cm.  Magnetic  intensity  of  the  inci¬ 
dent  upon  the  plane  L  electromagnetic  wave,  was  1 
A/m.  Objects  were  located  at  a  depth  h  =  8  cm  in  the 
ground  (gray  loam  with  humidity  10%,  density  1.2 
g/cm^).  The  plots  of  the  magnitude  |Hx(f)l  of  the  elec¬ 
tromagnetic  field  scattered  at  receiving  point  are  shown 
in  Fig.  2,  3. 

In  Fig.  2a  is  shown  frequency  response  of  perfectly 
conducting  ellipsoid  and  in  Fig.  2b  of  dielectric  ( 63  == 
2.2)  ellipsoid  with  half-axes:  a  =  b  =  7.25  cm,  c  =  3.8 
cm.  Half-axes  a,  b,  c  are  in  parallel  to  X,  Y,  Z  coordi¬ 
nate  axes,  respectively.  Frequency  dependencies  incor¬ 
porating  responses  from  ellipsoids  buried  in  tire  ground 
and  reflection  from  boundary  L  are  depicted  by  solid 
lines.  Response  induced  by  air-ground  interface  in  the 
object  absence  is  shown  by  dash  line.  Further,  in  Fig.  3 
are  shown  frequency  responses  of  perfectly  conducting 


a 


fMHz 


b 

Fig.  2.  Xai=20  cm,  Xa2=  -30  cm,  yai=ya2=0, - entire 

field, - field  in  the  object  absence 

As  seen  in  Fig.  3,  the  form  of  frequency  responses 
weekly  depends  on  relative  position  of  antennas  Aj ,  A2 
and  object.  Only  amplitude  of  responses  changes  sub¬ 
stantially.  At  400-1000  MHz  responses  of  perfectly 
conducting  object  have  the  steady  state.  The  same  de- 
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pendencies  for  the  dielectric  ellipsoid  have  the  qualita¬ 
tively  distinction.  For  the  case  of  0  =  10°  the  intensity 
of  responses  increases  at  frequencies  600-800  MHz  and 
decreases  in  band  of  900-1000  MHz.  With  approach 
the  receiving  point  to  object's  center,  the  difference 
caused  by  ellipsoid  orientation  changing  becomes  less 
substantially. 


f,MHz 


c 

Fig.  3.  ya1=ya2=0,  - Xa1=0,  Xa2=  -50  Cm, 

- Xai=10  cm,  Xa2=  “40  cm, - Xai=20  cm, 

Xa2=  -30  cm 


In  Fig.  4a,  4b  arc  depicted  the  pulse  responses  of  per¬ 
fectly  conducting  and  dielectric  (E3  =  2.2)  ellipsoids, 
respectively.  The  time-domain  responses  were  obtained 
with  the  inverse  Fourier  transform  of  considered  below 
frequency  functions  (Fig.  3a,  3b).  In  Fig.  4  the  pulse 
amplitude  is  shown  in  relative  units. 

Comparison  of  time-domain  responses  of  buried  objects 
and  of  objects  in  free  space  shows  that  the  dispersive 


ground  substantially  changes  the  form  of  pulses. 
Maximum  amplitude  of  pulses  from  buried  objects 
decreases  in  ratio  5.7  and  5  for  perfectly  conducting 
and  dielectric  ellipsoids,  respectively. 


a 


Fig,  4.  Xai  =  0,  Xa2=  -50  cm,  yai  -  ya2-  0 


Thus,  the  created  algorithm,  which  based  on  the  con¬ 
sidered  relations,  enable  to  obtain  space,  frequency  and 
pulse  electromagnetic  responses  of  objects  of  resonant 
dimensions,  which  are  located  inside  a  dielectric  lossy, 
dispersive  half-space.  The  shape  of  considered  objects, 
their  orientation,  relatively  to  half-spaces  interface, 
electric  parameters  s,a  of  objects  material  can  be  arbi¬ 
trary. 

The  obtained  algoritlim  can  be  applied  for  numerical 
modeling  of  the  electromagnetic  fields  scattered  from 
tlie  group  of  buried  objects. 
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ANALYTICAL  REPRESENTATION  OF  A  SPECTRUM  OF  PERIODIC 
SOLUTIONS  IN  A  MODEL  OF  MAJSNER-KRONIG-PENNEY 
IN  RADIATING  SYSTEM 
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The  wide  application  of  a  Majsner-Kronig-Penney 
(MKP)  model  is  explained  by  analogy  between  distri¬ 
bution  of  waves  in  periodic  structures,  phenomenon  of 
parametrical  instability  of  oscillatory  systems,  electron 
properties  in  a  crystal  potential  field,  by  a  likeness  of 
the  differential  equations  and  possibility  to  present 
solutions  by  elementaiy  functions  [1-5],  Characteristic 
features  of  the  zonal  theory,  such  as  prohibited  and 
pennitted  power  bands,  superficial  condition  have  clear 
analogies  for  electromagnetic  and  sound  waves  in 
stratified-periodic  medium  and  for  parametric  insta¬ 
bilities  of  a  oscillatory  system  [5,  6], 

In  a  model  MKP  system  parameters  are  piece-continu¬ 
ous  fimction,  that  is  physical  properties  of  each  layer  of 
a  multilayer  structure  are  fixed,  whereas  the  sequence 
of  layers  is  assumed  to  be  periodic.  It  allows  from  ele¬ 
mentary  solutions,  corresponding  to  separate  layers,  to 
construct  a  translation  matrix  connecting  solutions  at 
the  beginning  and  at  the  end  of  one  period  of  a  men¬ 
tioned  sequence  and,  taking  advantage  of  the  Floquet 
theorem,  to  obtain  the  dispersing  equation  for  waves 
(oscillations)  in  a  system. 


The  difierentiai  equation  of  a  MKP  model  present  as 
follows: 


.2 

— -P+(£-/r,>P=4);  /  =  1,2  (2) 

dx 

the  index  /  accepts  here  is  of  two  possible  values  1  and 
2,  corresponding  to  reduced  values  of  a  potential  in 
layers  a  and  b.  Introducing  thicknesses  of  layers  /]and 
I2  ,  and  assuming  satisfaction  of  conditions: 

k^=e-h,>0  (3) 

for  a  phase  symmetrically  located  concerning  a  layer  a 
period  we  shall  obtain  a  matrix  of  transformations  with 
the  elements: 


ajj^coset)]  cos(j)2  - 


k]  k^ 


sincpi  simp  2  (4) 


(^22 — COScj)]^  COS(j)2  — 


tL  +  h. 

h  J 


sinepj  simp  2 


The  implicit  character  of  description  obtained  in  a 
model  MKP,  not  hindering  numerical  account  of  waves 
in  concrete  periodic  systems,  hampers  the  analysis  of 
common  properties  of  a  spectrum,  that  is  represented 
obvious  by  comparison  to  the  well  investigated  proper¬ 
ties  of  solutions  used  for  a  solution  of  the  same  physical 
problems  of  the  equation  the  Mathieu  [7,  8].  The  closed 
representation  for  a  spectrum  in  a  MKP  model  is 
known  only  for  the  essentially  simplified  case  of  a 
comb  of  the  Dirac  [9]. 

In  the  present  work  the  analytical  representation  of  a 
spectrum  of  periodic  solutions  of  a  model  Majsner- 
Kronig-Penney  for  a  two-layer  periodic  stnicture  is 
reduced  to: 

...  a  b  a  b  a  h  a  b...  (1) 

containing  layers  a  and  b  differed  in  physical  parame¬ 
ters.  The  solution  uses  a  symmetry  of  a  system  enabling 
to  compare  a  matrixes  of  transformations  obtained  for 
period  with  a  center,  in  the  middle  of  the  layer  a  and, 
accordingly,  layer  Z?. 


on  a  principal  diagonal.  Conditions  of  existence  of  the 
periodic: 

"ll  -  ^21  - 1  (^) 

and  the  antiperiodic: 

«l]=fl22=“l  (6) 


solutions  of  the  differential  equation  (2)  taking  into 
account  unimodularity  requires  for  such  solutions  of  a 
vanishing  even  of  one  of  the  nondiagonal  elements  of  a 
matrix  of  transformation: 


Oi2  =  -;^^iii1>2cos(p]+ 
ko 


smepj 


cosep  2 


h  hj 


\Jc2  ki 


and 


^21  ~  COS<Pi+ 


sincp] 


kj  ^1] 

COS(p2 

+ 

_ ^  1 

^^2  hy 

v*2 

JJj 

(7) 


(8) 
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The  eigcnvcclors  have  then  for  such  matrices  tlie  form: 

(0;l)^  and  (l;0)^  (9) 

This  is  accordance  with  solutions  having  on  (he 
boundaries  of  a  phase  zero  and  accordingly  zero  de¬ 
rivative.  For  a  matrix  of  transformations  constructed 
under  condition  of  coincidence  of  a  center  of  a  phase 
with  a  middle  of  the  layer  h  it  is  obtained: 

iij  =fc22=<rii  =  «22 


that  means  coincidence  of  conditions  of  existence  of 
periodic  and  antiperiodic  solutions.  For  the  nondiago¬ 
nal  elements  of  a  matrix  of  transformations  it  is  ob¬ 
tained: 


/),2  =  —  (sincpi  coscp2 + 
ky 


sincp2 


coscpi 


h  ko  , 
*1 


V^'2 


^2^ 


(11) 


and 


^21  = -11^1  {sin  cpi  coscp2  + 


sin(p2 


cosep  J 


V^2 


(12) 


By  rather  simples  angular  transformation  (6)  we  shall 
obtain  analytical  representation  for  two  sequences  of 
antiperiodic  solutions: 


(13) 


and 


■ctg 


92 

2 


(14) 


From  the  equation  (5)  two  series  of  solutions  for  peri¬ 
odic  solutions  of  the  differential  equation  (2)  follow: 


(15) 


and 


(16) 


Each  of  transcendental  equations  (13-16)  determines  a 
gang  of  parameters  at  which  the  considered  the  differ¬ 
ential  equation  has  a  periodic  or  antiperiodic  solution. 
At  fixed  geometry  of  a  periodic  structure,  using  the 
analogy  with  theory  of  the  equation  Mathieu,  is  possi¬ 
ble  to  state,  tliat  obtained  equations  detennine  eigen¬ 
values  ej  ,  j  =  1,2...;  For  analysis  of  the  form  of  so¬ 
lutions  we  shall  present  nondiagonal  elements  of  a 
matrix  of  transformations  as: 


^12' 


I  ( ky  ,  92  * 

=  T—  T^-Ctg”-Ctg 


9i 


-+ctg^tg-^ 


(17) 


and 


021  --^2  • 


2^2 


V^'2 


(18) 


Like  this  we  shall  obtain: 


by2  — 


.  92  4  9l 

-^+ctg—  tg— 
V^2  2^2 


(19) 


and 


-^21 


-^1- 


L_cigi^.ctg  ^ 


9i 


1-  +  Ctg-^  tg 


n  ,„92 


(20) 


Refiising  from  restrictions  (3)  on  a  domain  of  e  defini¬ 
tion.  we  shall  introduce: 


X^=/?l-e;a=x-/i; 
k^  -e-hj  ;9  =  ^-(2; 


(21) 


Flence,  the  conditions  of  existence  of  an  antiperiodic 
solution  will  be: 


1  = 
k 


9  4 

tg— -th— 
°2  2 


(22) 


and 


—  =  -ctg— -cth—  (23) 

k  2  2 

whereas  conditions,  at  which  the  periodic  solution  is 
realized  have  the  form 


1 

k 


ctg— -th 
*2 


a 

2 


(24) 


and 

— -tg— -cth—  (25) 

k  2  2 

The  conterminous  diagonal  elements  of  matrices  of 
transformations  011-^22  -b]  1  =(’22 
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clia-coscp  +- 


MX  k 


2  U  X, 


sha-sincp 


(26) 


The  nondiagonal  elements  of  a  matrix  of  transforma¬ 
tions  on  a  phase  with  a  center  in  a  layer  a\ 

012  =~^incp  cha  + 


(27) 


and 


+— sha 

(k  y^ 
cosep  — — 

2 

L  lx  k^ 

'  y  k\\ 

021  -  -fc-^inep  cha  -i- 

[" _ (  k  xl 

1^x11 

2 

'  X  k\\ 

(28) 


Nondiagonal  components  of  a  matrix  of  transforma¬ 
tions  with  a  phase  which  center  in  a  layer  b: 

hi  =  — -{coscp  sha  + 

X 


1  . 

-H— sincp 


cha 


^  yj  X  k 


(29) 


and  accordingly: 


^21  =-X‘{^os(p  sha  + 


1  . 

+— smcp 


cha 


Xy 


k  y 
X  k 


(30) 


As  well  as  earlier,  the  nondiagonal  elements  of  a  ma¬ 
trix  of  transformation  can  be  presented  as  pennitting  to 
set  periodic  solutions  in  the  elementary  aspect  -  with 
the  help  of  unit  vectors  of  the  entry  conditions  in  a 
center  of  a  layer  b  : 


ai2 


1 


X  (p  ,  a 

— -f-ctg— -th— 
b  2  2 


x|^+ctg^.cth“ 
it  2  2 


(31) 


and 


021  =-k- 


y  cp  ,  ot 

--tg— -th— 
k  2  2 


f-tg^.cth« 
k  ^2  2 


(32) 


or  in  a  center  of  a  layer  o: 


*12  - 


1 


a 


f+th--ctg 
k  2  2 


9  X 


f-th — tg 
k  2  2 


(33) 


and 


— +cth— -ctg 
k  2 


.1  *  9 

cth — tg— 

2  2 


(34) 


The  obtained  results  by  an  equal  image  are  applied  for 
each  of  the  mentioned  above  areas  of  use  of  the 
Majsner-Kronig-Penney  model. 
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INTRODUCTION 

The  study  of  properties  of  an  antenna  placed  over  a 
lossy  half-space  occupies  an  important  place  in  the 
antenna  theory.  However,  despite  the  long  list  of  publi¬ 
cations  on  the  subject,  the  influence  of  the  ground  pa¬ 
rameters  on  the  antenna  element  interaction  coupling 
and  the  antenna  arrays  efficiency  have  not  been  ade¬ 
quately  investigated.  In  tliis  paper,  a  rigorous  imped¬ 
ance  approach  to  analysis  radiation  efficiency  of  the 
coupled  dipole  antennas,  placed  near  the  air-ground 
interface,  is  developed. 

THEORY 

Consider  an  array  made  of  two  perfectly  conducting 
symmetric  dipoles  located  in  a  close  proximity  to  the 
plane  interface  between  two  media  (Fig.  1). 


The  dipoles  1  of  length  2/;  and  2  of  length  II2  are 
centered,  respectively,  at  the  points  and 

{^2 >.>'2 >^2)  of  ^^0  Cartesian  coordinate  system.  Both 
are  vertically  oriented  with  respect  to  the  interface.  The 
medium  1  (air),  where  the  dipoles  are  placed,  of  per¬ 
mittivity  Si,  permeability  Pi  and  conductivity  oj  =0 
occupies  the  upper  half-space  z  >  0 .  The  medium  2 
(earth)  with  electrical  parameters  (62,^2 ><^2)  occupies 

the  lower  half-space  z  <  0 .  While  the  dipoles  are 
lossless,  the  presence  of  the  lossy  medium  2  allows  us 
to  consider  this  radiating  structure  as  dissipative.  In¬ 
deed,  the  dipole  input  power  Pj^  is  completely  radiated 

and,  hence  can  be  represented  as  a  sum  Pi„  =  Pz+ Pd- 
Here  is  the  power  radiated  into  the  upper  half¬ 
space,  i.e.  tlie  useful  power,  and  P^  is  the  power 


transmitted  through  the  interface  and  dissipated  in  the 
ground,  i.e  the  lost  power  of  the  radiating  structure  [1]. 
The  antenna  array  efficiency,  r\  =  Pz/Pm  ^  can  be  found 
in  the  impedance  approach  that  allows  expressing  all 
required  powers  through  the  input  cuixents  of  dipoles 
[2],  viz. 

^  N  N  P  ^ 

Pin  -y  .  y',Pimi~y',  y'jomPmnhn  > 

nj=ln=l 

N  N  N  N  ^ 

Pl,,d  'y'PL.dnm~'y',  'y'jom‘^I.,dmnhn  > 

m=lw=l 

where  P^„„  is  the  mutual  radiation  power  and  P^i^n  is 
the  mutual  lost  power  [3];  =  Re{Z,„„} 

is  the  Self  (w-n)  or  mutual 
{m^n)  impedance  between  the  w-th  and  n-th  dipoles; 

is  the  mutual  radiation  resistance  and  is 

the  mutual  loss  resistance;  Iq„  is  the  input  current 
amplitude  of  the  n-th  dipole;  N  is  the  number  of  array 
elements.  As  was  shown  in  [3],  the  resistances 
and  yidmn  are  generally  complex-valued  quantities 
with  L®t 

us  present  the  mutual  impedance  as  a  sum 
Z21  =  Z2100  +  AZ21 ,  where  Z2100  >s  the  mutual  imped¬ 
ance  bctw'een  the  dipoles  over  a  perfectly  conducting 
ground;  AZ21  is  a  correction  term  that  takes  into  ac¬ 
count  the  real  parameters  of  the  ground.  Since  the  im¬ 
pedance  Z2100  is  well  known,  we  will  determine  only 
the  correction  term,  AZ21 ,  using  the  induced  EMF 
metlrod  [2] 

,  Z2+/2 

AZ2i= - V-  JaEi.(Q4(CK, 

w'here  /2z(C)  is  the  current  distribution  on  the  dipole 
2;  AEjz  is  a  some  part  of  the  electromagnetic  field  due 
to  the  dipole  1.  Representation  of  the  as  a  spec¬ 
trum  of  plane  waves  [4]  yields 

A221 

47t^l  J 

xexp{-Yi(zi+Z2)}— cfv. 
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where 


^eM-  2y2/(y2  +  e2Yi/ei) ;  ki  2  -  ^ 


%2  -Si,2 


is  the  zeroth-order  Bessel  function;  ;  the 

time  dependent  factor  is  exp(/ci)/); 

^  =  +(>^2  ~yi)^  is  the  distance  betw'een 

the  dipole  axes;  ^2„(v)  = - [l„2{z)^^i(i]z)dz  is  the 

1  an 

Fourier  transform  of  the  current  on  n-th  dipole.  For  a 
dipole  with  a  sinusoidal  current  distribution,  the  Fou¬ 
rier  transform  is 

■Sz«(v)  =  2^1  (chYi/„  -cos/:i/„)/(v^  sinA:,/„), 

while  for  a  Hertzian  dipole  of  the  same  length,  it  is 
^z«(v)  =  2/„. 


We  determine  now  the  mutual  resistances  91j;2i  and 
'^d2\  t)y  ths  Poynting’s  vector  method  as 

^z,d2\  =  2Fj;,(/2i/-^o  1-^02  >  where  the  mutual  powers  are 

h,d2X=\ 

^l.d 

Here  E„,H„  are  the  electromagnetic  field  due  to  the  n- 
th  dipole  at  the  surfaces  or  Sj ;  and  is  the  unit 
outward  normal  to  the  surface  ^  .  Let  be  a  hemi¬ 
sphere  of  radius  R-^oo  covering  the  upper  half-space 
and  Sj  be  the  plane  separating  the  two  media  (z  =  0). 
After  inserting  the  spectral  representation  for  the  fields 
into  the  latter  equation,  we  can  finally  obtain  the  de¬ 
sired  expressions  for  the  unknown  resistances  in  the 
following  form 


(W  _  J^cl 
■^d2l  -■ - 


f|  ^  ^ 

•’Iy2  Y*2 


Jo(v/'K2(v)x 


16-nkiBi 

■5zi(v)|2"E(v)|^exp{-YiZ2  -yizi\^dv ; 


9is 


|jo(voP)®i(0)'I’2(0)sin06e, 


2  "/2 


where 

<[J  „  (0)  =  s^„  (ki  sin  0)  sin  0[2  cos(^jz^  cos  0)  • 
-  T^(ki  sin  0) e\p(-j'kiz„  cos  0)] ; 

(7?,0,(p  )  are  spherical  coordinates. 


NUMERICAL  RESULTS 

Fig.  2  shows  the  efficiency  of  the  array  of  the  two  col- 
linear  half-wave  vertical  dipoles  with  a  sinusoidal  cur¬ 


rent  distribution  (|/oi/fo2Hl)  versus  £-plane  scan 
angle  at  6  MHz.  The  dipoles  1  and  2  are  centered  at 
distances  Z/2  and  X  from  the  interface  respectively. 


The  parameters  of  the  ground  are  £2/6]  =  10, 

CT2  =  0.01(Q-w)"‘^  ,  y.2/^i=l.  As  can  be  seen,  the 
antenna  efficiency  ranges  from  0.17  to  0.77  when  the 
beam  is  scanned  within  the  elevation  plane.  The  effi¬ 
ciency  of  the  in-phase  excited  array,  w'hose  beam  is 
pointing  along  the  interface,  is  about  0.34.  The  value 
can  be  increased  more  than  twice  by  choosing  the 
beam-pointing  angle  equal  to  Oq  «  45° . 

In  addition,  the  results  of  computation  in  this  way  of 
the  efficiency  of  tire  single  Hertzian  and  half-wave 
dipoles  is  compared  with  the  similar  results  in  [1],  The 
agreement  between  the  two  data  sets  is  excellent. 

CONCLUSION 

The  approach  proposed  can  be  useful  for  development 
of  various  antemia  structures  over  the  earth,  especially 
of  antenna  arrays  for  HF  communication  systems. 
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INTRODUCTION 

The  principle  of  the  Huygens  in  classical  statement 
("each  point  of  a  wavefront  set  starts  to  a  radiant  of  a 
spherical  wave,  and  the  position  of  front  is  as  a  super¬ 
position  of  elemcntaiy  spherical  waves")  is  inexact.  At 
addition  of  elemcntaiy  waves  there  should  be  still  front 
behind  of  primaiy,  that  it  is  necessaiy  frequently  artifi¬ 
cially  to  ignore  [1], 

The  statement  of  the  problem  about  a  radiation  of  the 
fractal  surface  element  enables  to  estimate  presence  of 
front  of  a  radiation  behind  of  initial  front. 

FORMULATION 

The  electromagnetic  field  E,H  is  represented  as  su¬ 
perposition  of  two  fields  E^,H\  (from  electrical  radi¬ 
ant)  and  E2,H2  (from  magnetic  radiant) 

+/?2- 

The  electrical  and  magnetic  fields  E■^,H^iire  deter¬ 
mined  through  a  vector  potential  A  : 

A=-^\\^?(r')G(r.r)dV’-  (1) 

V 

Hi=^rotA,  E’^=—^(  graddivA+PA).  (2) 


(3) 


—  unit  vector  indicating  direction  of  driving  of 
charges;  A/  —  element  of  an  outline,  which  is  inter¬ 
sected  by  a  current  A/ ).  In  case  of  an  ideal  continuous 
medium  the  limit-passage  in  (3)  reduces  in  a  usual 
derivative,  and  the  integration  restores  a  current/. 

The  unambiguity  of  a  derivative  (3)  is  absent  for  fractal 
("thick")  surface  element  AS  =  AxAy  . 

The  use  of  arc-coating  /  of  a  polygonal  line  with  links 
A/,  reduces  in  the  degree  law  of  increase  of  length  of  a 
polygonal  line at  a  diminution  of  a  link  A/,-  (see  [3]): 


— the  Hausdorff-measure  with  dimensionality  v, 
which  depends  on  geometric  properties  of  a  fractal 
point  set  of  a  curv’e).  Length  of  a  polygonal  hne/^^^ 

will  be  final  in  case,  when  the  Hausdorff  measure  as 
My=M  ,  is  determined  on  A/,-  - 

amount  of  links  of  coating  with  length  A/  on  A/; ). 


The  limit  process  (4) 


Urn 

Al->0 


MxfME 

A/r* 


The  fields  £2-^2  determined  by  the  similar  for¬ 
mulas  in  view  of  a  duality  principle. 

The  solution  of  the  task  as  a  fractal  potential  is  fonnal 
can  to  arise,  if  in  the  formula  (1)  to  consider:  a)  distri¬ 
bution  of  radiant  on  volume  (surface,  line)  with  a  frac¬ 
tal  structure;  b)  distribution  of  a  fractal  current  in  vol¬ 
ume  (on  a  surface,  on  a  line);  c)  fractal  distribution  of 
electromagnetic  parameters  of  a  medium  [2].  We  mark 
that  the  generalization  of  this  problem  is  possible  after 
input  in  reviewing  of  a  fractal  Green  function. 

EQUIVALENT  SOURCE,  a  -  FEATURES 

The  surface-current  density,  which  does  not  take  vol¬ 
ume,  is  detennined  as 


w'e  consider  as  a  fractional  differential  of  an  arc 

where  (D'^)I  —  fractional  differintegral  (definition 
see,  for  example,  in  [4],  [5]);  T{.)  —  ganuna  function 
of  the  Euler. 

We  consider,  Urat  Ax:«/,  Ay«/  (/  —  wave¬ 
length),  and  the  fractal  element  exhibits  itself  as  the 
population  is  orthogonal  oriented  of  electrical  and 
magnetic  emitters  w'ith  the  elements  of  currents  on 
links  with  fractal  properties: 

d^r  ^(D^)fdy^  =-(D^)H^dy^, 

-  (D'^)rdx^  =  -(D^)FJdx^. 
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The  surface-current  fractal  densit>'  are  connected  with 
fields  a  -  features  [6]  )H\(D°' )E^ 

on  tlie  element  AS” 

(D'^fr^[(D^)E\z,.]^-y,(D^)E\ 

and  (D'^ )E^  =W(D^ )H\  where  W  —  wave  resis¬ 
tance. 

CALCULATION  OF  A  LONG-FIFXD 
Amplitudes  of  vectors  a-  features  of  a  long-field 
(D°'  )E^  ,(D°'  )H^  (r»X)  (under  conditions 
r»Ax,  r»Ay,  G(r.r' )^exp(-ikr)/r  =  G^(r)) 
is  defined  from  (1)  and  (2); 

(D^)H^=^  \[(D^ff(E).?i]G(rrr')dS^'  « 

^i:[-Xo(D^)H\?JG^(r)AS^. 

In  a  spherical  frame  ( r,0,(p )  is  obtained 

(D  )H^  )WG^( r)hS^(QQ  i'/ncp+cpg  cos^cos(^). 

Are  similarly  determined  (D"-)HI,  ("L)“;£'fand 
(D^)EI  . 

In  total,  electromagnetic  field  A,.^in  long  zone  is 
restored  for  fractal  ("thick")  on  0  surface  element  after 
application  fractional  calculation  to 

(D^)&  =(D^)(^  +^;,  (D^)H^  =(D^)(H^  +Hl) 

with 

E^  ^  R(Q)(%QCos<y-^Qsmip); 

~  ^A('0^f'0o  ««cp  +  (po  coi’cp^, 

where 

R(Q)  =  +  eo.r0  -f  af  ;G  Vr). 

Directivity  pattern  of  fractal  the  Huygens  element: 

=  (7) 

At  a  =  0  the  formula  (6)  and  (7)  give  a  classical  out¬ 
come  of  a  radiation  of  the  smooth  Huygens  element. 

In  Fig.  1  the  polar  pattern  Ft,  (Q)  and  f0)  ( a  =  0. 1 ) 

accordingly  classical  and  fractal  Huygens  elements 
represented. 

In  Fig.  2  the  polar  pattern  (Q )  and  r©,  cp  =  0^  of 
generalized  Huygens  element  are  compared  (is  applied  in 


tlie  tlieory'  of  antennas  (see,  for  example,  [1]))  (ratio  of  a 
M'ave  resistance  to  a  surface  impedance  IF  equally  0.25). 


90 


CONCLUSION 

The  approach,  represented  in  work,  to  calculation  of 
fractal  performances  on  a  coordinate  0  of  the  Huygens 
element  can  be  generalized  on  case  others  (till  r,cp) 
distributions  of  geometric  singularities  on  a  surface. 

The  practical  interest  in  the  theory  of  antennas  repre¬ 
sents  a  radiation  of  the  generalized  Huygens  element  in 
a  fractal  medium. 

The  analysis  of  a  modification  of  radiation  performance 
of  the  fractal  element  in  a  comparison  with  ideal  ele¬ 
ment  enables  to  define  a  degree  of  a  surface  fractality. 
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The  mathematical  model,  algorithm  and  radiation 
problem  solution  results  of  the  cavity-backed  low- 
directional  antenna  are  described,  its  numerical  re¬ 
search  characteristics  are  discussed  in  the  report. 

The  generalized  model  of  the  antenna  is  shown  in 
Fig.  1. 


The  metallic  constructive  elements  (including  segments 
S]  and  S2)  of  arbitrary  configurations  are  assumed  to  be 
impedance  or  perfectly  conducting.  The  dielectric  ele¬ 
ments  oecupy  the  volume  Fi  with  relative  permittivity 
Si  and  penneability  that  is  bounded  by  an  surface  of 
arbitrary  configuration,  including  segments  S2  and  S^. 
The  antenna  is  in  the  volume  Vo  with  pennittivity  so 
and  permeability  //o  or  in  the  dielectric  volume. 

The  electrical  and  magnetic  antenna  fields  with  longi¬ 
tudinal  components  in  volume  Vq  and  F;  satisfy  the 
two-dimensional  Helmholtz’s  equation  and  in  volume 
Vo  they  must  satisfy  the  radiation  conditions  on  infinity 
and  the  boundarj'  conditions.  These  expressions  have 
fonn  [2] 

ciu(x,y)/d?]-iau(x,y)  =  0  (1) 

for  surface  segments  and  S2, 

PidUi{x,y)ldn  1,3  =  Pjdu j(x,y)ldn  [,3 

for  surface  segment  S3, 

where  u  =  E^,a  =kW IZo,Pj  =ju^\Pj  = 


for  E-polarization, 

u  -  77,, ,a^kZo  I IV, Pi  =sr\  P ■  =  sj' 

for  /7-polarization,  If  is  a  metal  impedance;  Zo  is  the 
wave  impedance  of  the  free  space. 

The  mathematical  model  of  the  radiation  system  is 
constructed  with  the  use  of  an  auxiliary  sources  m.ethod 
[1],  according  to  which  inside  a  body  at  a  distance  A 
from  surfaces  S;,  S2,  S3  the  auxiliary  sources  are  entered 
as  a  filament  of  electrical  or  magnetic  currents  with 
unknown  complex  amplitudes  A„.  The  sources  volume 
current  density  is  represented  as 

n 

The  numbers  of  the  sources  located  close  to  surfaces  S], 
S2,  S3,  equal  N,,  N2,  ZNs  respectively  (N3  sources  are 
placed  in  volume  Vo  above  dielectric  segment  S3). 

The  T-electrical  filament  currents  (for  E-polarization) 
or  T  magnetic  filament  currents  (for  //-polarization)  are 
considered  as  the  field  exciting  sources.  These  currents 
with  the  known  complex  excitation  amplitudes  Dt  arc 
placed  arbitrarily  in  volume  Fj.  The  exciting  current 
density  is  defined  as 

jc.=i.TD,^(^-^t)^(y-yt)  (4) 

t 

According  to  [1],  we  shall  write  down  expressions  for 
definition  of  electrical  and  magnetic  fields  strength  in 
volume  Vo  (obser\'ation  point  P  (Xp,  y^)  e  Fo)  in  the 
following  form 

for  E-polarization; 

'ZAGikoP,K(ir,,))^  (^) 

for  //-polarization: 

u{y.p,yp)  =  -i£o{'LBlfi(koP,koq„^)  + 

Y^BlGikoPMr,,))  ■  (6) 

In  a  similar  manner  the  fields  strength  expressions  can 
be  Witten  down  for  volume  Vi{P(Xp,yp)  eVi) 
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<Xp,yp)  =  )  + 

"2 

"3  ' 

for  ^'-polarization, 

v{Xp,yj^)  =  -iSi{ZBlG(k]p.  h^Jn, )  + 

”2 

ZBl  G(k,.->^^^„, )  +  l.Dfi(k^p,k,q,)}  (8) 
«,  ' 

r^i  //-polarization. 

In  expressions  (5H8)  Gik,p,k,q„)  =  H^^\k,rp^)  is  the 

Green  s  function  of  the  2-D  free  space,  that  connects 
the  coordinates  of  obser\'ation  points  (r^,  and  coor¬ 
dinates  of  sources  points  (x^,  y^)  for  medium  with  pa¬ 
rameters  £■„  //,,  k,~27c{£j  //,)  /A  IS  the  wave  number  in 
the  /-th  volume.  A,  is  th^  *vave-length. 

The  auxiliary  sources  with  unknown  complex  ampli¬ 
tudes  can  be  found  from  the  solution  of  linear  algebraic 
equations  system.  This  system  is  formed  by  imposing 
boundaiy  conditions  [1,  2]  on  surfaces  S,,  S2,  S3  on 
fields  determined  by  dependencies  (5)  -  (8), 

It  is  necessary  to  emphasize,  that  the  collocation  points 
number  on  each  of  a  contour  segments  should  be  equal 
to  the  appropriate  auxiliary  sources  number.  Thus,  the 
total  order  of  solved  system  is  defined  as  NS  =  N!+  N2 
+  2N3,  and  the  matrix  of  the  equations  system  is  square. 

The  radiation  pattern  is  calculated  by  (5)  or  (6)  when 
an  observation  point  has  moved  off  to  infinit}'. 

The  calculating  algorithm  developed  on  the  basis  of  tire 
expressions  (5)-(8)  is  realized  as  the  universal  program 
allowing  to  solve  a  wide  range  of  tasks. 

The  computer  program  correctness  was  controlled  by- 
comparison  of  the  obtained  results  with  tire  known 
literature  data  [1,  3,  4], 

So,  transformation  of  the  model  considered  above  in  an 
angled-reflector  antenna,  reflector  of  which  has  finite 
thickness,  has  allowed  not  only  to  obtain  coincidence 
with  good  accuracy  of  results  [4],  but  also  to  extend  a 
research  scope.  In  addition  to  latter  results  [4]  of  the 
angle-reflector  antenna  radiation  pattern  dependencies 
on  the  source  angular  position,  on  linear  sizes  of  the 
reflector  and  its  thickness,  and  also  on  the  reflector 
surface  impedance  are  investigated. 

Curves,  shown  in  Fig.  2,  characterize  the  radiation 
pattern  maximum  dependence  on  the  source  allocation 
concerning  coordinate  axes.  As  one  would  expect,  the 
calculation  results  shows  that  the  asymmetrical  source 
location  leads  to  displacement  of  the  radiation  pattern 
maximum.  The  same  effect  can  be  achieved  at  various 
values  of  the  reflector  surfaces  impedance.  The  angle- 
reflector  antenna  radiation  pattern  are  shown  in  Fig.  3, 


at  which  the  surface  1  has  the  impedance  Z  =  533-533/, 
the  surface  2  is  produced  from  a  perfectly  conducting 
metal  (curve  1),  and  the  curve  2  corresponds  to  a  re¬ 
verse  case. 


Introduction  of  the  third  wall  (model  in  Fig.  4)  allows 
expanding  possibilities  to  control  both  the  radiation 
pattern  width  and  its  maximum  position,  what  is  illus¬ 
trated  with  the  dependencies  cuiv'cs  given  in  Fig.  4. 


The  additional  possibilities  occur  when  the  ca\'it>'- 
backed  antenna  is  filled  by  a  dielectric  with  relative 


Proceedings  of  the  3rd  International  Conference  on  Antenna  Theory  and  Techniques,  Sevastopil,  Ukraine,  8-11  Sept.  1999 


164 


pcriTiittivity  e.  For  example,  radiation  patterns  arc 
shown  in  Fig.  5  for  various  values  e. 


For  fixing  dielectric  in  the  resonator  tlie  fastening  ele¬ 
ments,  usually  metallic,  are  made.  The  radiation  pat¬ 
tern  behavior  for  various  sizes  of  fixing  metal  ledges  is 
shown  in  Fig.  6.  If  the  width  of  the  ledges  b'  =  b"  «X  , 
then  the  radiation  pattern  is  slightly  narrowed  and  the 
outer  side  lobes  grow,  and  for  the  s>'minetrical  ledges, 
tliat  cut  down  a  surface  of  radiation,  these  changes 
become  more  noticeable  with  increase  of  the  size  b' . 

Thus,  the  considered  mathematical  model  of  a  radiation 
system  implemented  on  a  basis  of  the  cavity-backed 
antenna  allows  to  calculate  the  characteristics  of  the 
low-directional  antennas  of  complex  shapes.  The  given 
examples  demonstrate  radiation  pattern  variation  pos¬ 
sibilities  of  the  considered  antennas  over  a  wide  range. 

The  results  of  investigations  are  generalized  on  revolu¬ 
tion  bodies.  As  auxiliary  sources  rings  of  an  electrical 
current  with  azimuth  (along  a  ring)  and  meridian  (in 
parallel  tangent  to  body  forming)  direction  of  a  current 
here  are  used.  In  a  case  of  a  melal-diclectric  revolution 
body  the  system  of  the  linear  algebraic  equations  for 
definition  of  required  complex  amplitudes  m-azimuth 
harmonic  of  auxiliary  sources  consists  of  twelve  sub¬ 
systems,  four  of  which  correspond  to  impedance  seg¬ 
ments  on  boundaries  metal-free  space  and  metal-  di¬ 
electric. 

The  program  is  tested  by  the  known  solutions  using  an 
eigenfunctions  method  for  metal  and  dielectric  sphere 
excited  by  electrical  dipoles,  and  for  metal  sphere  with 
an  annular  slit  antenna.  The  distinction  of  tlie  calcu¬ 
lating  radiation  pattern  of  two  methods  docs  not  exceed 
unit  of  the  fourth  significant  digit  of  the  amplitude  and 
0.2  degree  of  a  phase.  Fonning  line  body  of  revolution, 
that  is  approximated  by  segments  of  direct  lines  and 
arches  of  circles,  can  be  arbitrary  configuration. 


S  I B 
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INTRODUCTION 

In  the  last  years  research  activities  on  Photonic  Band- 
gap  (PBG)  structures  as  artificial  periodic  and  quasi- 
periodic  structures  whose  transmission  properties  ex¬ 
hibit  frequency  bands  where  the  propagation  of  elec¬ 
tromagnetic  waves  is  forbidden  [1],  becomes  one  of  the 
most  actual  direction  in  compact  design  of  wireless 
communication  systems.  It  is  kno\vn  also  that  such 
structures  can  display  properties  of  bandpass  filters  by 
disruption  of  the  periodicity  [2],  The  microstrip  patch 
antenna  is  one  of  the  most  prefered  structures  for  low 
cost  and  compact  design.  PBG  technology  is  considered 
as  a  promising  new  solution  to  the  problems  of  the 
antennas  limitations  for  high  frequencies  such  as  nar¬ 
row  bandwidth,  low  gain  and  surface  wave  losses  [3]. 

In  spite  of  impressive  progress  in  the  new  and  emerg¬ 
ing  area  of  PBG  engineering  in  recent  years,  their  de¬ 
velopment  by  increasing  complexity  of  tire  structures 
(as,  for  example,  dual  periodicity)  toward  the  improved 
model  is  still  actual.  The  criteria  for  such  an  optimiza¬ 
tion  are  the  gap  width  and  shape  (preferably  a  rectan¬ 
gular-like  one)  as  well  as  the  structure  dispersion  and 
simplicity  of  their  fabrication. 

In  this  paper  we  propose  a  planar  structure  as  a  dielec¬ 
tric  layer  with  double-quasi-periodical  permittivity  for 
using  as  a  reflector  or  planar  antenna  substrate.  An 
additional  complexity  of  the  structure  allows  to  obtain 
high  reflection  for  a  wide  band  or  sharp  resonances  on 
defined  frequencies  as  well  as  a  sufficient  reflected  field 
phase  shift  for  some  parameters  combinations.  A  case 
of  an  abrupt  temporal  change  of  the  permittivity  in  such 
structures  is  also  considered  showing  an  appearance  of 
additional  frequencies  in  the  reflected  field. 


PROBLEM  FORMULATION  AND  SOLUTION 

The  considered  dielectric  layer  0  <x  <  a  has  a  pennit- 
tivity  mathematically  determined  by 


N 

=  X 

n=0' 


M 

-z 


f 

6  -1  ■> 
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.ft  > 

J 

j[0(.v  -  an)  -  0(x  -a(n  +  l))]-l- 
[0(x-/)m)-0(x-6(m-i-l))],  (1) 


being  essentially  a  superposition  of  two  quasi-periodical 
structures  wth  tlie  composing  layers  widths  equal  to  a 
and  b,  correspondingly,  and  slight  deviation  of  the 
layers  pennittivity  from  tlie  periodical  ones  (like  tliat 
shown  in  Fig.  1,  a). 

The  problem  was  solved  based  on  integral  equations  for 
electromagnetic  fields  in  non-stationary  media  [5]. 
There  are  some  advantages  in  using  this  approach  even 
for  stationary  structures  because  the  method  is  based  on 
Volterra  integral  equation  which  can  be  solved  by  it- 
terations  with  improved  convergence  unlike  Fried- 
holm’s  and  singular  equations.  So  we  can  easily  control 
the  obtained  results  acccuracy.  Initial  point  of  the 
problems  solutions  are  Volterra  integral  equations  [5] 
which  can  be  obtained  from  Maxwell  equation  for  the 
electrical  component  of  electromagnetic  field  obtained 
by  Green’s  function  of  corresponding  wave  equation 
with  all  non-stationarities  picked  up  at  its  right  hand 
part.  In  the  considered  ID  case  it  has  the  following 
form 

for  the  internal  field  (x  >  0,  t>  0) 

t 

Ei„  {t, x)  =  Eq  (/, x) -  0{vf  -  x)  jdt'j{t\x-v{t-t'))- 

t-xlv 

t  t 

-  0(x  -  vr)J  dt’j{t',  X  -  v(/  -  /'))- J  dt'j{t',  x  +  v{t-  /')), 

0  0 

and  for  the  external  field  (x  <  0) 

t+x/v 

Eex(f  =  B(t>x)-0(vt  +  x)  Jdf  j(t',v(t-f)  +  x)  (2) 

0 


where  j(t,  x)  = 


3x 


e2(t,x)-Ei 


Ein(t,x) 


for  dielectric 


medium,  0  is  Heaviside  step  function  and  v  =  c  /  Vs  . 


Analytical  iteration  fonnula  for  the  reflected  field  de- 
tennined  by  the  layer  permittivity  distribution  was 
obtained.  The  iteration  algorithm  was  realized  as  a 
computer  program  enabling  one  to  investigate  band-gap 
and  filtering  properties  of  the  considered  structures 
reflection  for  transient  and  stationary  (as  a  long-time 
approximation  for  the  transient  one)  cases. 
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permi ttivity 


C 

Fig.  1.  Permittivity  profile  in  the  layer  (a); 
reflection  coefficient  amplitude  in  dependence  on  the 
incident  wave  frequency  (b);  reflection  coefficient  phase, 
equal  to  n  at  its  maximum  (c) 


In  a  case  when  there  is  an  abrupt  change  of  the  com¬ 
posing  layers  permittivity  at  zero  time  moment,  the 
reflected  field  contains  in  addition  to  the  stationary  one 
a  component  of  low  frequency  with  time-reducing  am¬ 
plitude.  The  frequency  value  depends  only  on  the  com¬ 
posing  layers  width  being  almost  independent  on  their 
permittivity  values,  which  determines  however  this 
wave  amplitude. 
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CALCULATION  RESULTS 

Calculation  for  different  layer  parameters  showed  that 
for  big  deviation  of  the  structure  permittivity'  from  one 
of  the  periodic  structure  the  reflection  coefficient  oscil¬ 
lates  slightly  about  the  value,  which  is  not  appropriate 
neither  for  anti-reflection  coating  nor  for  a  good  re¬ 
flector. 

For  small  deviations  of  the  structure  from  the  periodical 
one  it  is  possible  to  choose  such  structure  parameters 
which  provide  good  filtering  and  band-gap  characteris¬ 
tics  of  it  (see  Fig.  1). 
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A  MULTIBEAM  IMPEDANCE  ANTENNA  SYNTHESIS 


Yu.  V.  Yukhanov,  A.  Yu.  Yukhanov 

Taganrog  State  University  of  Radio  Engineering 
44  Nekrasovsky,  GSP-17A,  Taganrog,  347928  RUSSIA 

Nowadays  as  multibeam  antennas  (MBA)  hybrid  an¬ 
tennas,  spherical  reflector  antennas  and  antennas  array 
are  widely  used.  However,  their  sophisticated  construc¬ 
tion  and  considerable  size  imply  some  certain  difficul¬ 
ties  when  used  with  moving  vehicles.  In  the  paper,  a 
method  of  multibeam  impedance  reflector  antenna 
(MBIA)  synthesis  is  offered.  It  could  be  interesting  that 
the  reflector  form  can  be  arbitrarily  conform:  e.g.  it  can 
be  plain,  or  it  can  be  combined  with  the  vehicle  surface. 
This  could  open  the  possibility  to  construct  the  MBIA 
of  a  smaller  size. 

Let's  consider  the  solution  of  a  two-dimensional  prob¬ 
lem.  Let  in  the  unlimit  isotropic  space  the  infinitely 
long  and  along  the  homogeneous  cylinder  with  partially 
differentiable  surface  S  and  the  nonnal  section  contour 
p  is  located  (Fig.  1).  It  is  excited  with  the  system  of  M 
longitudinal  threads  radiating  the  co-phase  magnetic 
current  with  the  radiation  patterns  (RP)  Om(cp). 

It  is  necessary  to  find  the  distribution  law  of  the  imped¬ 
ance  Z,  such  as  to  provide  the  antenna  with  the  re¬ 
quired  multibeam  RP.  We  shall  see  the  impedance  as 
purely  a  reactive  one  Z  =  iX,  to  avoid  tlie  undesirable 
losses. 

The  traditional  approach  to  solve  a  synthesis  problem 
was  the  way  of  minimising  the  gap  between  the  re¬ 
quired  and  realised  antenna  RP  in  the  required  angle 
sector  with  one  on  the  linear  programming  methods.  In 
our  case  it  would  be  rather  complicated  because  of  the 
complex  law  of  the  impedance  Z  =  iX  distribution. 

The  synthesis  method  we  propose  in  the  paper  is,  to  put 
it  briefly,  as  follows.  It  is  known  that  the  round  cylinder 
with  the  radius  a  in  the  environs  of  its  top  with  the 

aperture  of  r  =  is  of  the  same  focusing  features 

as  the  parable  with  the  focus  distance  a/2,  if  the  radia¬ 
tor  is  located  at  the  distance  of  /  =  a/2  from  the  top. 
Strictly  speaking,  phase  abberations  in  that  aperture  do 
not  exceed  az2,  and  thus  we  can  consider  it  as  a  co¬ 
phase.  So  if  we  move  the  radiator  along  the  arc  of  the 
circumference  with  the  a/2  radius,  or  if  we  put  the 
radiator  array  along  the  arc,  we  can  maintain  the  beam 
swinging  regime  in  tlie  wide  angle  sector,  and  produce 
a  multibeam  RP  as  well. 

To  design  the  MBIA  we  shall  require  for  its  reflector  S 
to  possess  the  scattering  possibilities  identical  to  those 
of  an  ideally  conductive  round  cylinder  So  with  a  radius 
of  o  (Fig.  1). 


As  the  aperture  of  a  reflector  antenna  with  a  sharp  RP 
is  large  in  comparison  with  the  emitting  EMW,  we 
shall  use  a  method  of  physical  optics  to  solve  the  prob¬ 
lem.  In  this  case  the  field  dissipated  with  the  imped¬ 
ance  cylinder  S  in  an  arbitrarily  chosen  point  p  will  be 

[1],  m 


-ik(R„^+n,A 


cosy„cosYo  cosy-Z 
cosy„+cosyo  cosyo+z''” 


-dS, 


(1) 


where  y„,  y  are  angles  constituted  by  the  rays  con¬ 
necting  the  observation  point  and  the  source  point,  and 
the  normal  in  the  point  of  integrating  (see  Fig.  1);  y^  - 
the  reflection  angle  of  the  incident  field  in  the  current 
point  of  the  impedance  surface  S. 


Fig.l 

The  surface  impedance  Z  we  shall  find  from  the 
equivalence  of  the  field  reflected  by  the  impedance 
reflector  under  synthesis  excited  with  the  given  distri¬ 
bution  of  the  radiators  and  that  of  the  ideally  conduc¬ 
tive  cylinder  So,  excited  by  the  radiators  distributed 
upon  the  arc  of  tlie  circumference  with  the  radius  a/2  in 
tlie  O'  point  (on  the  Sq  cylinder  axis). 

For  the  observation  point  p  co-located  with  tlie  O'  point 
(Fig,  1)  the  ratios  for  the  dissipation  fields  of  the  S  and 
So  cylinders,  consequently  after  (1),  will  be; 


cosyo  -Z 


'ikp 


cosyo +Z  Vp 


■dS, 


(2) 
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The  impedance  reflector  antenna  m-th  ray  RP  diagram 
can  be  calculated  with  the  formulation: 


i 

,  ,,  cosy„cosYo  r  . 

where  U  =  >  - - - -7===  > 

;^cosy„+cosYo 


(3) 


{  cos  Y„„  +  cos  Yo  cos  Yq  +  Z  (5) 


M  g’l^nm 

^0  ~  X  rr —  • 

m=l  V^'n™ 

The  Z  =--  fY  impedance  distribution  law  can  be  obtained 
explicitly  from  the  subintegral  sentences  (2)  and  (3) 
equivalence,  provided  that  the  angular  dimensions  of 
the  S  and  So  cylinders  from  O'  point  arc  to  be  equal 

X  =  cos  yo/g(o.5[w  -  Mq  +  kia  -  p)]}  (4) 

where  u  =  arg(f7);  mo=  arg(C^o)- 

Thus  we  have  find  the  required  impedance  distribution. 

E.g.  the  MBIA  with  a  plain  reflector  S  with  2L  width, 
irradiated  with  the  radiators  with  the  RP 

cl)„,  =cos"((p-\l/„,), 

where  q/„,  is  the  RP  w-th  beam  direction,  the  radiators 
being  located  upon  the  direct  line  parallel  to  S  at  the 
distance  of/i. 


Let's  choose  a  cylindrical  coordinate  system  in  such  a 
way  as  to  provide  the  coincidence  of  z  axis  with  the  O' 
axis  of  the  So  cylinder  under  imitation.  We  put  the  S 
reflector  at  the  distance  of  2h  from  the  O'  axis  so  that  to 
provide  the  coincidence  of  the  normal  to  its  centre  with 
X  axis.  We  take  the  cylinder  radius  to  be  equal  to  2h. 
The  corrugated  structure,  realizing  the  required  imped¬ 
ance  distribution  law,  permits  for  the  antenna  to  display 
five  beams  within  the  angle  sector  of  ±20®,  reflector 
size  being  L  —  lOA,  h  =  52,  a  =  lOX  (X  =  ]),  N-8  and 
2m  =  lo  =^IA/.m. 

The  distribution  of  the  integrands  (3)  of  Qm  phase  for 
the  rays  -20°  (curve  I),  -10°  (curve  2),  and  0°  (curve  3) 
are  sketched  in  Fig.  2.  One  can  see  that  the  reflector 
surface  phase  for  the  each  ray  does  not  exceed  the  ad¬ 
missible  deviation  (0.5L)  along  the  considerably  long 
intervals  that  are  able  to  fonu  the  required  RP. 


At  the  Fig.  3  the  RPs  for  all  five  beams  of  the  antenna 
under  synthesis  are  shown,  The  beams  are  correspond¬ 
ing  to  the  radiators  positions  coordinated  (x=-52 
y=^±1.89X)  (curves  7,5),  (x=-52  y=M.88X)  (curve  2,4) 
and  (x=-5Z,  .v=0)  (curve  3). 


Fig.  3 


As  it  can  be  seen,  all  the  rays  RP  are  practically  identi¬ 
cal,  the  differences  in  the  amplification  factors  do  not 
exceed  0.7  dB  the  sidelobe  level  is  23-28  dB  and  can  be 
regulated  with  the  radiators  RP  form. 

Thus,  the  theoretical  investigations  and  numerical 
calculations  verify  the  relevance  of  the  proposed 
method  of  synthesis  of  MBIA  with  the  impedance  re¬ 
flector  of  the  arbitrary  fonn.  The  calculation  results 
obtained  can  be  used  either  as  the  exemplaiy  solution, 
or  as  the  first  approximation,  bearing  in  mind  the  pos¬ 
sible  optimisation  with  the  more  strict  methods  of  elec¬ 
trodynamics. 
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PROBLEM  ACTUALITY 

A  success  in  the  field  of  a  miniaturization  of  modem 
radio  electronics  are  so  great,  that  the  sizes  of  majority 
of  devices  have  reached  practically  limited  values. 
Unfortunately,  tliis  does  not  concern  fully  one  of  the 
major  elements  of  radio  engineering  systems-antennas 
radiating  or  receiving  of  electromagnetic  waves,  the 
sizes  of  which  depend  on  the  frequency  of  oscillation 
and  should  exceed  or  be  commensurable  with  a  wave¬ 
length. 

There  are  not  less  than  ten  ways  of  miniaturization  of 
anteimas. 

The  offered  method  of  determination  of  currents  in  the 
antenna  concerns  to  the  most  perspective  way  of 
miniaturization,  namely  to  application  of  dielectrics 
and  ferrite  as  envelopes  (covers)  of  antenna. 

STATEMENT  OF  THE  PROBLEM 

While  determine  currents  on  the  cylindrical  antenna  of 
final  length  in  an  isolating  envelope  with  a  dielectric 
permeability  s  more  than  one  we'll  proceed  from  an 
integral  equation  obtained  in  [1]: 

1 

=  Ccosicc--^sinK[x|,[x|<l;  (1) 

Here  we  have  (p(r)  as  tlie  required  function,  propor¬ 
tional  to  longitudinal  component  density  of  the  surface 
current  on  the  cylinder,  the  kernel  integral  equation 
being  equal  to  the  following: 

I  +  [  dw,  (2) 

c,((.o)  L  J  & 


at  E  =  1,  K  =  =  — , 

h 

Djiw) 

(3) 


;?(«)=-!- 

n 


P  =— ,  a  and  b  are  radiuses  of  the  cylindrical  antenna 
h 


and  isolating  envelope,  correspondingly,  Ih  —  length 
of  the  antenna  (isolating  envelope  in  the  given  mathe¬ 
matical  model  is  infinite). 


RESEARCH  FROM  THE  KERNEL 
OF  THE  INTEGRAL  EQUATION 

The  first  integral  in  tenns  of  tlie  kernel  represents  a 
half  of  deduction  of  am  intergrand  function,  which  has 
a  simple  pole  in  a  point  w  =  k,  that  is 


X  )  cos  w»  dw  = 

CM) 


-  TT/Ve-ISoo  cos  KM 
2eBoi  -  aK-s/s-lBoo 


Here 


are  of  real  values,  which 


can  be  easily  proved  by  transition  from  Hankel's  func¬ 
tions  in  expression  (3)  to  cylindrical  Bessel's  and  Neu¬ 
mann's  functions. 


The  tenn  in  (2),  representing  an  improper  integral  can 
be  represented  as  two  terms: 

00  kVe  00 

J  =  J  .  J  .  (4) 

2k:  2k 


Numerically-analytical  research  of  intergrand  function 
in  a  range  of  modification  w  from  2k  up 

to  K\^,  for  various  s,  is  shown  in  Fig.  1.  It  testifies 
that  there  are  no  problems  with  the  first  integral. 


Fig.  1 .  Dependence  of  intergrand  function  on  various  e 
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As  analytical  asymptotic  research  shows,  the  second 
integral,  provides  logarithmic  singularities  to  the  dif¬ 
ference  kernel  of  the  equation  (1)  at  coincidence  of  the 
arguments.  It  also  confirms  numerical  caiculationpre- 
sented  in  Fig.  2.  It  is  neccssaiy'  to  point  out  here  that 
the  expression  of  intergrand  function  was  expressed  not 
through  cylindrical  functions  but  through  tlic  functions 
of  purely  imaginary  argument: 

h  {m>)  =  ~  r  2 

namely 

C,Jo(aCi)_  ^./o(cc^i)  .5. 

^1  fef/]  (“?i )  -  )^{'‘')]  ’ 

where  -K^e  >  0, Sj  =  under  6  =  1, 

^  ^  ?gAi(p^l)A7oofeg)-£^l^o(P^lK/lofeJ’ 

(x)  =  K,„  ()3x)4  (oor)-  {-  0x)A4  (ox). 


CpJnfaCi)  1  COSM'W 

cos wu^ - ,  -f- 

,r  _ 4_lcosn 

[^g7l(a^,)-e^i/o(a?i)o(v.’)  e  +  lj 
Integral  from  the  first  term 


1  cos  ll’W 


kV^Vw^-k^ 


The  term  in  expression  (6)  for  large  w  behaves  not 
worse  than  ,  thick  ensures  absolute  convergence  of 

an  improper  integral  In  Fig.  3  the  character  of  behavior 
of  the  second  term  multiplied  on  under  modifica¬ 
tion  of  value  w  for  various  thickness  of  a  dielectric 
insulator  of  an  antenna  is  show  n. 


0.00062 

o.ooos 
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W 

Fig.  2.  Behaviour  of  intergrand  function  at  large  w 
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Fig.  3.  A  behaviour  of  the  second  term  of  the  expression 
(6)  for  various  values  of  interior  and  exterior  diameters 
of  an  insulator  of  an  antenna  on  large  w 

As  it  follows  from  the  graphs,  being  also  confinned  by 
tlie  asymptotics,  tliis  termfor  want  of  large  w  is  propor- 
b 

tional  to  - - r - ir  . 

r7(e-f  l)-w 

So,  the  difference  kernel  of  the  equation  (1)  has  a  loga¬ 
rithmic  singularity  under  coincidence  of  the  arguments, 
therefore  here  the  method  of  discrete  singularities  [2] 
can  be  successfully  applied  with  suitable  choice  of 

quadrature  knots  Xh  =  cos-^^^^ — ^,k  =  L.n  and  points 

2« 

TifJl 

of  collocation  4, -cos — -,m  =  \..n-\.  Besides  as  it 
n 

can  be  seen  from  the  formulas  (6)  and  (7),  this  singu¬ 
larity  is  selected  as  usual  log,  that  allows  to  convert  it, 
obtaining  an  integral  equation  of  the  second  kind. 
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Estimation  of  excited  or  diffracted  field  by  an  element 
arranged  in  surrounded  structure  forms  an  electromag¬ 
netic  problem.  In  the  case,  when  the  field  tensions  of  an 
element  could  be  written  in  the  different  coordinate 
system  than  the  structure  field  tensions,  the  electro¬ 
magnetic  problem  is  considered  as  a  non-coordinate 
problem.  Direct  transfonnation  of  one  coordinate  sj  s- 
tem  into  another  often  makes  tlte  analysis  more  diffi¬ 
cult.  Physical  modeling  of  the  element  allows  to  write 
tills  field  tensions  in  the  structure-coordinate  system. 

For  conducting  elements  field  investigation  some  mod¬ 
eling  principles  by  means  of  current  filaments  are  pro¬ 
posed  [3-5,  7].  Using  these  methods  it  is  necessary 
additionally  estimate  the  current  filaments  density,  that 
gives  the  result  independently  from  filament  density. 
Simultaneously  the  singularity  of  the  corresponding 
Green  function  must  be  avoided.  In  the  analysis  of  the 
inner  electromagnetic  problems  field  radiated  by  fila¬ 
ments  is  expressed  by  means  of  infinite,  slowly  conver¬ 
gent  series.  The  sum  of  such  series  always  is  found  not 
exactly.  Using  moment  method  this  error  leads  to  ill- 
conditioned  system  of  linear  algebraic  equations.  Solu¬ 
tion  of  such  equations  demands  the  iterative  procedure. 
In  general  case  the  surface  patch  model  is  used  [2,  6], 
The  surface  of  element  is  replaced  by  small  flat  triangle 
or  rectangular  conducting  patches.  It  is  difficult  to  find 
the  appropriate  basic  functions  for  tliat  model  [6], 


Fig.  1 


An  alternative  principle  of  modeling  is  reviewed  below 
using  an  example  of  diffraction  on  a  cylindrical  ele¬ 
ment.  It  is  assumed,  that  the  axis  of  element  is  parallel 
to  one  coordinate  of  rectangular  system  of  general 
structure.  The  surface  of  conducting  cylinder  is  re¬ 
placed  by  narrow  conducting  strips.  Quantity  of  strips 


is  defined  by  perimeter  of  cylinder  and  width  of  the 
strip.  Current  density  distribution  on  the  strip  width  is 
accepted  as  uniform.  Howe\'er  such  strip  remains  as  a 
non-coordinate.  Two  projections  of  non-coordinate  strip 
on  two  coordinate  of  rectangular  system  that  is  or¬ 
thogonal  to  the  axis  are  formed.  The  idea  of  the  pro¬ 
posed  modeling  follows  from  concept  of  tensor  Green 
function  [1].  It  is  confirmed  below,  that  the  field  of  two 
conducting  orthogonal  coordinate  strips  coincides  with 
the  field  of  sufficiently  narrow  non-coordinate  strip. 
The  advantages  of  the  mentioned  method  are  the  next: 
1)  quantity  of  strips  for  any  model  is  more  less  than 
number  of  necessary  filaments  in  filament-model  under 
tlie  condition  of  tlie  same  accuracy  of  field  tensions 
estimation  (it  is  unnecessary  to  find  the  number  of 
strips);  2)  in  the  analysis  the  nonnal  modes  of  the  rec¬ 
tangular  structure-coordinate  system  could  be  used  (this 
allow's  differentiate  the  corresponding  Fourier  series); 
3)  Fourier  series  describing  the  field  of  narrow  strip  are 
fast  convergent  (tlrat  circumstance  facilitates  calcula¬ 
tion  of  the  sum  of  series  and  improves  t  he  accurac}'  of 
calculations  );  4)  usage  of  moment  method  permits  to 
obtain  well  conditioned  system  of  lower  order  equa¬ 
tions. 

Choice  of  strip-width  (w)  for  an  strip  model  is  realized 
by  comparison  of  the  field  tensions  radiated  from  fila¬ 
ment  model  of  non-coordinate  strip  with  the  field  ten¬ 
sions  of  equivalent  orthogonal  coordinate-strips.  We 
consider  the  case,  when  the  strip  is  placed  between  the 
broad  walls  of  rectangular  waveguide  (y4-widtli  of  the 
guide  wall).  The  strip-width  is  arranged  under  the 
angle  45°  to  the  transverse  coordinate  of  the  widther 
wall  of  waveguide.  The  dependence  of  ratio  (e)  of  the 
field  tension  of  coordinate-strips  model  to  tlie  field  of 
non-coordinate  strip  from  non-coordinate  strip  width 
( cr  =  w  /  A )  is  showed  on  the  Fig.  1.  Number  of  current 
filaments  for  the  non-coordinate  -strip-model  was  cho¬ 
sen  for  any  width  W.  It  is  evident,  that  the  current 
density  distribution  in  the  filament  model  is  non- 
uniform  along  the  strip-width.  As  follows  from  figure, 
for  sufficient  narrow  strip  (cj<0.03)  amplitudes  of 
electrical  tensions  arc  equal  even  for  high  order  of 
normal  modes  (m ).  For  greater  a  the  ratio  s  deflects 
from  unity.  This  deflection  has  different  sign  for  odd 
and  even  nonnal  modes  and  reduces  the  error  of  series 
sum  calculation. 

Implementation  of  considered  above  non-coordinate 
modeling  is  based  on  usage  of  boundary  conditions  on 
the  surface  of  two  orthogonal  conducting  Coordinate- 
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strips.  The  resulting  field  is  a  sum  of  tensions  radiated 
by  both  coordinate-strips.  Singularity  of  Green  function 
demands  to  accept  a  finite  thickness  of  coordinate- 
strips.  This  method  was  used  for  analysis  of  e.xciting 
and  diffraction  on  the  non -coordinate  wire-elements  in 
waveguides,  of  thick  waveguide  obstacles,  non- 
coordinate  wide  strip,  etc. 
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Tt  is  well  known  that  the  radio  absorbing  materials 
cover  on  the  bodies  for  the  changing  their  scattering 
characteristics.  That  causes  some  diffraction  problems. 
One  of  them  is  tlie  study  of  particularities  of  scattering 
plane  electromagnetic  wave  in  the  case  of  oblique  inci¬ 
dent  and  Leontovich-Schukin  boundary  conditions  on 
the  cylindrical  surface.  This  problem  is  not  sufficient 
studied. 

There  are  a  lot  of  papers  devoted  to  the  problems  of 
scattering  of  a  plane  electromagnetic  wave  by  a  circular 
impedance  cylinder,  but  the  results  shown  in  these 
works  do  not  expose  regularities  caused  by  a  surface 
impedance  on  the  circular  cylinder  and  oblique  inci¬ 
dence  of  the  electromagnetic  wave,  for  example  [1-3]. 

The  purpose  of  this  report  is  the  investigations  of  scat¬ 
tering  regularities  of  scattering  of  oblique  incident 
plane  electromagnetic  wave  by  infinite  impedance  cir¬ 
cular  cylinder. 

Let  the  plane  electromagnetic  wave  irradiates  an  infi¬ 
nite  impedance  circular  cylinder  with  radius  a;  the 
direction  of  incoming  is  shown  by  angle  6,  ip  (Fig.  1). 
In  the  front  of  this  wave  the  vector  of  electric  or  mag¬ 
netic  field  strength  has  projection  on  the  Oz  axes,  It 
might  be  written  in  quasi-3D  approach  as 

In  this  formula  Eo  is  the  electric  field  amplitude;  llo  = 
12071  Ohm  is  the  free-space  impedance;  k  =  2n/X  is  the 
wave  number;  X  is  the  wavelength; ;  is  imaginary  unit. 
The  time  dependence  factor  e.xp[-/rat]  is  omitted. 


In  general  case  there  are  longitudinal  components  of 
both  electric  field  strength  and  magnetic  one  in  scat¬ 
tering  wave.  We  will  study  tliese  components  in  the 
form  [3,  4] 


-1 


(2) 


where 


C„  (0,  (p)  =  ^0  exp(-/fe  cos  0)  X  exp(-/n(p)  (kr) ; 

k  =A:sin0;  is  Hankel  function  of  the  second 

kind  of  order  n. 


It  is  easy  to  notice  that  the  functions  £/  and  H/  satisfy 
the  Sonunerfeld  radiation  conditions  as  well  as  Helm¬ 
holtz  equation  [3,4]. 


Transversal  components  of  electromagnetic  field  may 
be  defined  when  using  the  expressions  [3] 


ikWQ 
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^COS0 


dH^  ik  SE, 
k^  [  dr  WqK  ftp 

The  impedance  boundary  conditions  [6] 

E,=ZH^ 

E^  =  -ZH, 


(4) 


should  be  met  on  tlie  surface  of  circular  cylinder  (r  = 
a).  In  formula  (4)  Z  is  the  surface  impedance. 

The  solving  of  system  (4)  for  electromagnetic  field 
components,  described  by  formulas  (l)-(3),  enables  to 
write  the  following  equations  for  coefficients  a„  and  b„ 
in  quasi-3D  approach 

j'„(ka)DlUka)\ 

(^ka)  +  7/^)’  (ka)  Dll  i^a) 


/■”  J„(A-n)  +  - 


iZj^ 
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1)  -  cos 0  i”J„ (ica)  - a„  (ka) 

”  “  Hi^^'(ka)-iZ^  s\nQHi^\ka) 

for  the  wave  with  £-polarization  and 

^  «cos9  i’^J„(ka)-b„Hi^\ka) 

Qy,  —  2^-?:=  7^  3  V^/ 

A-osinG  +  H^^^'ika) 

sinG 

t  sin9y^(Aa)Dl^(Aa)i 

”  ~  //(2)'(Aa)-/Z^,  SinG  {ka)  Dl^„{ka) 

for  Uie  wave  with  //-polarization. 

In  formulas  (5)  and  (6)  Z;v=  Z/lFo  is  the  surface  imped¬ 
ance,  normalized  by  the  free-space  one;  ■/«'(■)  are 
the  Bessel  function  of  order  n  and  its  derivation;  //„^^' 
'(■)  is  the  derivation  of  Hankel  function  of  the  second 
kind  of  order  «; 


D\t(ka)  =  \-^  (ko)  , 

J„{ka) 

/)2^(A«)  =  l  +  A'„®(Aa)^p^, 

Dt{ka)  =  \-K';,(ka), 
D2^„{ka)^l-K’;,(ka), 


K^„i.ka)  =  y- 


n  co&Q'^\  {ka)  .. 


ka  )  I  //(2)(A-fl) 


iZ^  sinG 


sinG  +  /Z 


nr  (ka) 

jv - 

Hlika) 


It  is  not  hard  to  notice  that  the  formulas  (5),  (6)  can  be 
transfonned  to  well  known  regularities  for  particular 
causes  of  perfectly  conducting  cylinder  surface  {Zn=  0) 
or  wave  incidence  in  the  transversal  plane  (G=7r/2). 


Fig.  2.  The  conic  section  of  volumetric  scattering 
pattern  Ei  -  and  //|  -  field  components  for  case  of 
exciting  circular  cylinder  by  electromagnetic  wave 
with  £-polarization  (0  =  60°) 


The  fonnulas  (5),  (6)  confirm  the  well-known  aspect 
tliat  the  azimuth  regularities  of  scattering  pattern  of 
oblique  incident  wave  for  perfectly  conducting  circular 
cylinder  might  be  obtained  according  to  tire  following 
algorithm  [.3,4];  correction  of  cylinder  radius  by  coeffi¬ 
cient  sin  G;  calculation  of  scattering  pattern  are  realized 
in  transversal  plane.  But  tliis  algorithm  become  incor¬ 
rect  for  the  case  of  impedance  surface,  because  coeffi¬ 
cients  in  numerators  and  in  denominators  in  expres¬ 
sions  for  a„  and  b„  are  the  functions  both  surface 
impedance  and  angle  G  for  waves  with  E-  and  H- 
polarization.  The  appearance  of  cross  polarization 
component  is  in  principle  as  well. 


0  60  120  deg 


Fig.  3.  The  conic  section  of  volumetric  scattering 
pattern  El  -  and  Hi  -  field  components  for  case  of 
exciting  circular  cylinder  by  electromagnetic  wave  with 
£-polarization  (0  =  30°) 


0  60  120  <P,  deg 

Fig.  4.  The  conic  section  of  volumetric  scattering 
pattern  El  -  and  //^  -  field  components  for  case. of 
exciting  circular  cylinder  by  electromagnetic  wave  with 
H-polarization  (0  =  60°) 

Figures  2-5  corroborates  of  the  report  aspects.  These 
figures  show  the  results  of  scattering  pattern  studies  by 
different  methods  for  cylinder  with  radius  a  =  Ik  and 
surface  impedance  Z.v=  0.3/.  The  value  of  surface  im¬ 
pedance  has  been  taken  from  [7],  The  solid  curves 
display  tire  conic  sections  of  the  volumetric  scattering 
pattern  of  main  component  obtained  according  to 
quasi-3D  approach  (curv'es  1)  and  to  the  2D  algorithm 
(curv'es  2).  The  dash  curves  display  conic  sections  of 
the  volumetric  scattering  of  cross  component.  Figures  2 
and  3  show  the  conic  sections  with  the  angles  18O°-0 
of  the  volumetric  scattering  pattern  of  plane  E- 
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polarization  wave  incoming  from  direction  0  =  60°  and 
0  =  30°  respectively.  Figures  4  and  5  show  similar 
ftinctions  for  case  of  wave  with  //-polarization. 

The  comparison  of  cun'cs  I  and  2  in  Fig.  2  and  3 
shows  that  difference  between  qiiasi-3D  approach  re¬ 
sults  and  2D-algorithm  results  is  insignificant  for  main 
component  for  case  of  the  wave  with  /i-polarization 
This  difference  is  considerable  for  the  case  of  the  wave 
with  //-polarization.  The  latter  is  confirmed  compari¬ 
son  of  curves  1  and  2  in  Fig.  4  and  5.  As  it  should  be 
expected  the  pattern  difference  increases  with  the  angle 
0  decreases. 

///„ 

0,8 

0,6 

0,4 

0,2 

0 

0  60  120  <?.  deg 


Fig.  5.  The  conic  section  of  volumetric  scattering 
pattern  E\  -  and  -  field  components  for  case  of 
exciting  circular  cylinder  by  electromagnetic  wave  with 
//-polarization  (0  =  30°) 


Thus,  these  the  obtained  expressions  pennit  to  define 
the  main  regularities  caused  by  the  oblique  incident 
plane  electromagnetic  wave  scattering  and  to  investi¬ 
gate  the  scattering  pattern  for  various  \'alue  of  cylinder 
radius,  the  surface  impedance  and  the  wave  incident 
angle. 
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UNIFORM  ASYMPTOTIC  THEORY  OF  ELECTROMAGNETIC 
DIFFRACTION  BY  WAVEGUIDE  APERTURE 


A.  A.  Zvyagintsev,  T.  N.  Demchenko,  S.  P.  Pbomushkin 

Kharkov  state  university, 

Kharkov,  Liberty  square  4.  (057"2"-457319) 

In  tliis  work  the  diflraction  problem  of  an  electromag¬ 
netic  field  by  the  plane-parallel  waveguide  aperture  is 
solved  by  the  uniform  asymptotic  theory  of  diffraction 
(UAT).  The  problem  is  reduced  to  the  solution  of  the 
model  problem  -  diffraction  between  two  perfectly 
conducting  half-planes.  The  solution  found  is  valid 
both  at  the  distance  and  near  the  shadow  boundaries  of 
the  incident  and  reflected  fields.  In  the  distance  it  turns 
into  the  solution  of  the  geometrical  theoiy'  of  diffraction 
(GTD).  However  it  is  not  determined  close  to  edges  and 
other  caustics. 

The  geometrical  theory  of  diffraction  is  an  effective 
method  of  the  analysis  and  calculation  of  distribution, 
radiation  and  scattering  wave  fields.  Its  field  of  appli¬ 
cation  is  rather  wide:  engineering  of  antennas  and 
tracts  of  ultrahigh  frequencies,  millimeter  and  infra-red 
ranges,  and  also  the  problem  of  distribution  and  scat¬ 
tering  of  waves  in  inhomogeneous  media  and  in  the 
complicated  form  profiles.  Though  GTD  is  created  as 
the  asymptotic  theory  which  is  used  when  a  character¬ 
istic  size  of  the  problem  is  much  greater  than  the 
wavelength,  but  the  experience  of  GTD  calculation 
shows,  that  it  yelds  reliable  results  up  to  the  order  of  a 
about  X  [1]. 

The  form  in  which  the  GTD  solution  is  found  is  an 
asymptotic  expansion  of  the  Maxwell's  equations 
forA:->oo.  The  GTD  algorithm  allows  to  find  a  main 
term,  and  sometimes  some  succeedents  of  this  expan¬ 
sion.  However,  from  the  practical  point  of  view,  the 
most  serious  restriction  is  the  GTD  statement,  that  the 
field  is  infinite  at  the  shadow  boundaries  of  incident 

and  reflected  fields  (denote  them  as  This  diffi¬ 

culty  occurs  as  a  result  of  the  boundary  layer  availabil¬ 
ity  in  an  asymptotic  solution  of  the  differential  equation 
[2]. 

For  overcoming  the  difficulties  connected  with  the 
shadow  boundaries  near  SB'''' .  the  method  called 
“uniform  asymptotic  theory  of  diffraction  on  the 
shadow  boundaries”  (UAT)  was  developed.  Based  on 
the  postulated  expression  for  the  geometrical  optics 
field  (GO),  including  the  Fresnel  integral,  UAT  gives 
the  unique  expression,  which  is  valid  at  SB'''^  bounda¬ 
ries  intersections  as  well,  thus,  avoiding  some  difficul¬ 
ties  connected  with  the  availability  of  several  expres¬ 
sions  for  the  field,  inherent  to  the  boundary  layer 
method  [3]. 


Basing  on  the  statement  of  the  problem,  we  have  solved 
two  model  diffraction  problems;  by  tlie  perfectly  con¬ 
ducting  half-plane  and  slot  between  two  half-planes.  It 
is  not  difficult  to  notice  that  the  diffraction  problem  by 
aperture  of  the  plane-parallel  waveguide  is  reduced  to 
the  problem  of  the  diffraction  by  tlie  slot. 

In  this  work  the  following  symbols  are  accepted:  1)  the 
temporary  factor  looks  like  exp(- /rot)  and  it  is  omitted; 
2)  the  diffraction  problem  is  always  reduced  to  tire  two- 
dimensional  case  (tliere  is  no  modification  on  an  y  - 
axis);  3)  the  transversal  magnetic  (TM)  wave  (nonzero 
components  of  the  field  Hy,E„Et)  and  transversal  elec¬ 
trical  (TE)  wave  (Ey,H^,H^  are  denoted  by  tw'o  symbols 
H  and  t,  respectivly  for  TM  u  =  Hy  and  /  =  +  /,  for  TE 
u  =  Ey  and  t  =  -/. 

STATEMENT  OF  THE  PROBLEM 

The  geometry'  of  the  plane-parallel  waveguide  is  repre¬ 
sented  in  Fig.  1.  are  two  perfectly  conducting 

half-planes  parallel  each  other.  The  distance  between 
them  equals  2a.  The  single  mode  extending  in  the 
waveguide,  drops  on  the  aperture  from  z  =  ao  and  has 
tlie  form; 

TM  ;H"(x,z)  =  2cos(§„(x  +  a))exp(7p„z),  n  =  0,1,2...  ;(1) 
TE :  E"(x,z)=  2cos{^„(x  +  a))exp(/p„z),  n  =  1,2,3...  ,(2) 
where  is  the  transverse  wave  number  and 

is  the  longitudinal  wave  number. 

The  TM-wave  expression  also  contains  the  TEM  mode 
(n  =  0). 

The  incident  field  can  be  safely  decomposed  into  its  two 
plane  wave  components  and,  with  the  help  of  pre¬ 
scribed  u  and  T,  both  polarizations  of  the  incident  field 
may  be  written  as 


u  =u\  +u_  ■ 

“  1 

(3) 

u'y  =exp/(^„(x  +  n)+p„z); 

(4) 

'i  =xexp/(-?„(x-i-«)+P„z), 

(5) 
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Fig.  1.  Geometry  of  the  plane-parallel  waveguide 


Fig.  2.  Coordinates  of  the  view  point 


DIFFRACTION  BY  THE  SLOT 


Consider  the  aperture  formed  by  two  perfectly  con¬ 
ducting  half-planes,  which  are  irradiated  with  the  inci¬ 
dent  field  &.  It  is  necessary  to  deteraiine  a  high- 
frequency  asymptotic  solution  for  the  entire  field  1/  at 
the  viewpoint.  Geometrically  we  have  three  rays,  which 
are  radiated  by  the  source  one  and  the  direct  ray  and 
two  diffracted  rays  converged  in  the  viewpoint  (look  at 
Fig.  2,  3).  As  the  slot  is  fonned  by  two  half-planes,  the 
entire  field  if  for  it  can  be  received  by  combination  of 
fields  for  each  half-plane. 

The  solution  for  field  emitted  from  the  slot,  will  be  of 
the  following  form; 

u^=u^+u‘^;  (7) 


II 

1 - 1 

+4-2) 

-1 

+ 

1  1 

■N 

I-H2) 

(8) 


The  indices  1,  2  concern  the  first  and  second  half-plane 
respectively,  w’here 

^1,2  -  sin 


Fig.  3.  Coordinates  of  the  source 


On  the  other  hand,  the  expressions  (  mL  )  represent 
the  plane  wave  propagating  at  the  angle  On  (-O^)  with 
respect  to  the  z  -axis: 


Notice  that  uL  represents  incident  fields  for  the  wedge 
Wi,  while  corresponds  to  the  field  reflected  from  IVx. 

For  the  second  wedge  Wt  the  roles  of  (wi)  are 
reversed. 


^i,2  -  ■J^^’^1,2  sin  ~  i 


Ti,2  -  01,2  +  ^“®l,2iM^l,2  -01,2  ■“'^  +  01,2- 

+^(*^2)[x(t2)+t:x{t2)1  =  O)  >  (9) 

v/here  [/,  If  were  determined  earlier. 


g{l<r):=- 


1 


-exp 


/  kr  + 


1 


n 


is  a  cylindrical  wave 


■J^nkr 

factor; 

cient  for  an  indefinitely  thin  screen  [2]; 

ix  is  the  Fresnel  integral 


cosecl  —VI/'’'"  I  is  the  diffraction  coeffi- 
'2  ' 


n+-]-(-^^)‘”is  the 


«=o 


asymptotical  series. 
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RESULTS 


Fig. 4  Dependence  of  the  DAT  and  GTD  fields  on  0 
(n  =  0,  T  =  1,  r  =  2a) 


Fig. 5  Dependence  of  the  UAT  and  GTD  fields  on  6 
{n  =  0,  x=1,r=10a) 


Fig. 6  Dependence  of  the  UAT  and  GTD  fields  on  r/a 
(0  =  0.01, n  =  0,T  =  1) 


CONCLUSIONS 

In  this  work  the  attempt  has  been  made  to  determine 
the  entire  field  after  the  diffraction  of  an  electromag¬ 
netic  field  by  the  plane-parallel  waveguide  aperture 
with  the  UAT  up  to  the  order  of  k  The  entire  field 
solution  is  determined  by  equation  (7).  It  is  valid  eve¬ 
rywhere,  except  for  the  fields  which  are  near  edges  and 
other  caustics.  Far  from  the  shadow  boundaries  tlris 
solution  turns  into  GTD  results.  The  complete  confir¬ 
mation  of  the  theory  is  impossible  until  the  strict  as¬ 
ymptotic  solution  of  the  model  problems  is  obtained. 
The  solutions  are  presented  by  the  special  asymptotic 
series,  including  the  Fresnel  integral.  This  solution  is 
valid  near  to  the  shadow  boundaries.  The  approxima¬ 
tion  can  be  presented  as  the  adding  of  a  transitional 
field  to  the  GTD-solution.  For  the  case,  when  the  dif¬ 
fraction  occurs  at  the  edge  of  the  thin  screen  UAT  im¬ 
proves  GTD  results.  UAT  makes  more  precise  the  GTD 
solution  at  the  shadow  boundaries,  where  GTD  is  dis¬ 
continuous.  With  the  UAT  the  systematic  approach  is 
carried  out  to  calculate  all  the  terms,  tlie  order  of  which 
is  higher  than  k  (with  respect  to  the  incident  field). 
UAT  does  not  give  positive  outcomes  on  caustics, 
where  it  predicts  indefinitely  large  fields. 

Thus,  by  using  the  solution  of  the  modeling  problems, 
UAT  allows  to  simulate  fields  created  by  more  compli¬ 
cated  objects  and  to  calculate  them  fast  and  effective 
with  the  help  of  a  computer. 
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ABSTRACT 

The  radiation  pattern  of  a  circularly-layered  dielectric 
lens  is  computed  using  the  series  solutions  and  recur¬ 
rent  formulas  for  cylindrical  functions  with  complex 
arguments.  The  Complex  Source  Point  (CSP)  beam  is 
taken  as  a  2D  model  of  a  beam  field.  Unlike  the  well- 
known  classical  approximation  for  a  plane  wave  scat¬ 
tering  from  a  layered  circular  cylinder  the  proposed 
approach  enables  one  to  obtain  a  numerically  accurate 
solution  of  the  discussed  problem. 

INTRODUCTION 

Dielectric  lens  [1]  finds  an  application  in  various  fre¬ 
quency  ranges  for  various  purposes.  In  the  optical 
range,  lenses  are  used  as  focusing  devices  for  a  laser 
beam  at  the  input  to  a  fiber.  In  the  radio-frequency 
range,  lenses  are  used  in  the  design  of  indoor  local 
communication  systems  and  scanning  mounted  anten¬ 
nas  on  the  civil  and  military'  ground  equipment. 

The  main  advantage  of  the  used  approach  is  that  the 
CSP  field  is  an  exact  solution  of  the  Helmholtz  equa¬ 
tion  witlr  respect  to  the  coordinate  of  the  observation 
point  [2].  Here,  we  recall  that  Gaussian  beam,  which  is 
commonly  used  as  a  model  of  the  beam  field,  does  not 
satisfy  it.  Therefore  the  accuracy  of  results  obtained  by 
such  an  approximate  method  can  not  be  estimated. 

As  a  2D  model  of  the  lens,  a  circularly-layered  dielec¬ 
tric  cylinder  is  considered.  The  values  of  the  dielectric 
constants  of  the  layer  materials  are  chosen  in  accor¬ 
dance  with  a  Luneberg  Lens  (LL)  law  ; 

8,  =  [2  -  {rj/r,„yY  ,  rj  -  (r,  +/-,^)/2  (1) 

The  CSP  is  located  and  oriented  as  shown  in  Fig.  1. 
METHOD  OF  ANALYSIS 

Due  to  the  axial  symmetry  of  the  studied  LL  scatterer 
problem  the  solution  can  be  written  in  tenns  of  the 
series  of  cylindrical  functions.  On  applying  the  bound¬ 
ary  conditions  sequentially,  starting  from  the  boundary 
between  the  two  most  inner  layers  up  to  the  outer  ones 
and  expressing  the  scattered  field  via  the  incident  field, 
one  can  obtain  the  following  expression  for  the  field 
outside  the  lens: 

,  (2) 


where  H „  is  the  Hankel  Ilinction  of  the  T*  kind. 


Fig.  1.  A  beam-fed  coaxially-layered  dielectric  lens. 
Angles  and  p  determine  the  CSP  location  and 
beam  orientation,  respectively. 


The  coelficient  is  detennined  by  using  the  fol¬ 
lowing  recurrent  formulas: 


ro/i  =0, 


(3) 


^in  oTT/  Vi  r'  (l  Ti  ’  ^ 


where  J„  is  the  Bessel  function. 

Here,  the  index  /  runs  the  values  from  1  to  m  (m  is  the 
number  of  layers);  kj  =  k.^ ;  +ib  ;  parameter 

or,  depends  on  the  polarization  and  equals: 

a,  =  (e-  or  {sj  )~/4  in  the  case  of  E-  or  77- 
polarization  respectively. 

The  axial  symmetry  of  the  boundaiy  conditions  enables 
one  to  solve  the  equations  separately  for  each  value  of 
index  «  [3]. 

The  directivity  of  the  incident  CSP  beam  depends  on 
the  parameter  kb  as  it  is  seen  from  the  asymptotic 
expression  for  CSP  field  in  the  far  zone: 

Uo  =  -  7„|)i  L'o  = 

for  r  00  (6) 
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By  using  the  above  expressions  for  the  fields  in  the 
exterior  domain,  the  radiated-field  characteristics  were 
calculated.  A  fa.st  algorithm  for  the  calculation  of  cy¬ 
lindrical  functions  with  complex  arguments,  based  on 
the  recurrent  technique  (forw'ard  one  for  Neumann  and 
backward  for  the  Bessel  functions)  was  used  [4], 

RESULTS  OF  ANALYSIS 

The  most  interesting  questions  to  be  answered  are: 
location  of  the  focus  of  LL,  dependence  of  LL  directiv¬ 
ity  on  the  CSP  location,  its  directivity  and  the  number 
of  layers. 


Fig. 2.  Directivity  of  LL  versus  the  CSP  location 
kh  =  l  (Da  =  30.35  ),  =  41 .9 *,  Tq /-^max  =  «  ■ 

=  1 80  ,  Dq  is  the  directivity  of  CSP  in  the  free  space. 


As  it  is  seen  from  Fig.  2  the  focal  ring  of  LL  has  finite 
thickness,  whose  value,  as  well  as  its  location  depend 
on  the  number  of  layers  taken  into  account:  the  more 
layers  the  narrower  the  focal  ring  and  the  nearer  its 
location  to  the  outer  lens  surface.  Our  analysis  showed 
that  at  least  3 -layer  cylinder  can  be  considered  as  a 
lens,  and  the  optimal  number  of  layers  is  7-8.  The 
curves  in  Fig.  2  were  plotted  for  the  fixed  CSP  beam- 
width  parameter  kb,  but  the  dependence  on  kb  is  an¬ 
other  interesting  question. 


Fig.  3.  Directivity  of  LL  versus  beam-width  parameter 

In  Fig.  3,  a  non-monotonic  behavior  is  well  seen.  Fol¬ 
lowing  Fig.  4,  where  the  power  level  decreasing  the 
optimal  corresponds  to  LL  "edge"  illumination  of  -8  to 
-10  dB  depending  on  the  number  of  layers. 

The  most  complete  infonuation  on  tire  lens  effect  can 
be  obtained  from  the  Fig.  5. 


0  2  4  6  8  1  0 

Fig.  4.  Power  level  decreasing  in  the  beam 
cross-section  at  the  width  of  the  outer  surface  radius  rm 
and  at  the  distance  of  Xq  X^jR^^  =  1.05  , 

^  =  180 
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Fig.  5.  Directivity  of  LL  system  versus  the  observation 
point  and  the  CSP  location  on  the  lens  optical  axis. 

YJR„,=0.  i?„=41.9 

It  is  well  seen  that  the  focus  is  located  nearby  the  outer 
surface  of  the  lens  but  one  has  to  remember  that  in  fact 
the  focal  area  is  not  a  point  but  a  coaxial  ring.  Besides, 
Fig.  5  shows  the  degradation  of  the  directivity  when 
move  away  from  the  focus. 

CONCLUSIONS 

In  this  paper  the  series  solution  of  the  CSP  beam-fed 
2D  dielectric  Luneberg  lens  diffraction  problem  has 
been  obtained.  The  numerically  accurate  results  are 
presented  for  the  both  polarization  cases  and  for  the 
different  lens  and  beam  parameters.  They  show  tliat  a  3 
to  7-layer  lens  fed  with  a  -10  to  -8  dB  edge  illumination 
provides  a  ten-fold  improvement  of  directivity. 
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The  method  of  physical  optics  is  employed  to  analyze 
the  major  electrodynamics  characteristics  of  a  reflector 
antenna  in  a  form  of  a  parabolic  cylinder,  which  is 
irradiated  by  the  field  of  a  filament  of  an  in  phase  mag¬ 
netic  current,  and  a  spherical  reflector,  which  is  irradi¬ 
ated  by  the  field  of  a  Hertzian  horizontal  dipole.  The 
irradiator  field  is  written  in  an  explicit  form  and  can  be 
calculated  with  a  prescribed  accuracy  in  an  arbitrary 
space  point,  including  the  case  of  small  electrical  di¬ 
mensions  of  the  focal  distance.  Proceeding  from  the 
above,  an  influence  of  the  effects  of  the  irradiator's  near 
zone  on  the  results  of  calculating  the  radiation  pattern 
of  a  reflector  antenna  was  analyzed. 

Nowadays,  the  reflector  antennas  with  electrically  small 
focal  distances  are  widely  used  in  practice.  It  can  be 
caused  mainly  to  the  trend  to  minimize  the  mass  and 
dimension  parameters  of  the  antenna  and,  besides,  such 
antenna  has  advanced  electrodynamics  characteristics 
in  comparison  wdth  "long  focal"  ones,  e.g.  a  lower  side 
lobes  level.  The  most  wide-spread  technique  of  calcu¬ 
lating  the  reflector  antennas  is  the  method  of  physical 
optics.  As  a  rule,  the  calculations  of  the  irradiator  field 
are  based  on  approximate  solutions  of  tlie  correspond¬ 
ing  electrodynamics  problems,  which  yields  good  re¬ 
sults  in  most  cases.  But,  uncontrolled  errors  occur  in  a 
case  when  the  reflector  is  placed  in  the  intermediate  or 
even  in  the  near  zone  of  the  irradiator.  In  tliis  view,  the 
problem  of  accounting  the  effects  conditioned  by  plac¬ 
ing  the  reflector  in  the  near  zone  of  tire  irradiator  can 
be  considered  as  a  valid  one. 

This  paper  considers  the  mentioned  problem  taking  as 
an  example  two  simple  model  problems  of  electrody¬ 
namics,  for  which  quite  complete  results  of  analysis 
through  the  rigorous  numerical-analytical  method  are 
known.  One  of  these  problems  is  that  about  excitation 
of  an  idealized  conductive  parabolocylindrical  reflector 
by  the  field  of  a  linear  in  phase  magnetic  current.  The 
second  problem  considers  scattering  of  the  Hertzian 
dipole  field  by  a  spherical  reflector. 

1.  The  components  of  the  field  of  the  magnetic  current 
filament  in  terms  of  the  cylindrical  coordinate  system 
will  be  written  as  [1]: 

=X2Hf^{kr)- 


where  are  cydindrical  Hankel's  func¬ 

tions  of  the  zero  and  first  orders  of  the  argument 
X  -  kr  describing  a  diverging  cylindrical  wave  at 
x-»00  . 

Writing  the  source  field  as  (1)  we  can  calculate  the  both 
components  with  a  prescribed  accuracy  in  an  arbitrary 
space  point.  Implementing  the  calculation  algorithm  for 
various  intervals  of  argument  variations,  we  used  the 
following  function  representations  of 

7„(x),  r„(x)  [2]  in  terms  of  which 
were  expressed,  at  ;<■  e  (o,lo  ]: 

CO 

/:=0 

00 

J,  (X)  =  (X  /  2)^  (- 1)^  (x2  /  4)  /(k\ (k  + 1)) ! ; 
k=Q 

=  (2/7i)ln(x/2)Jo(x)- 
00 

(1  /  7t )  ^  vj/^  + 1)  *  {1  -H  (-1)^'  (x^  /  4)^  /(k\  /c! )} 
ifc=0 

For  tlie  case  of  x>10  we  employed  the  polynomial 
approximation  that  provides  tlie  value  of  the  absolute 
error  module  |e|<  (l.6  +  9)*10“*  [2]: 

•^oW  =  ^'‘^^VoCoseo; 

Yq  (x)  =  x"’  sin  00 ;  /i  (x)  =  x~^ '  cos  01 

where  the  values  fo,^o>fh^i  sre  given  in  paper  [2]. 
The  values  of  tlie  fimetion  7i  (x)  both  in  the  first  and 
the  second  intervals  of  the  argument  variations  were 
calculated  from  the  relation  specified  by  the  wronskian 
IF{/o  (x),  Yq  (x)}  taking  the  fonn: 

Fi (x)  =  (  (x)Fo  (x) -  2  /{nx)  )/Jq (x). 

On  the  other  hand,  the  functions  H  j;^\x)  and 
H^\x)  at  x»n  and  x->oo  have  very  simple  as¬ 
ymptotic  expansions  [2] : 

exp  (/  (x  -  mi  /  2  -  71  /  4)}, 
w.y^/7tx)  exp(-/(x-n7t/2-7t/4)) 
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which  is  the  reason  for  writing  the  source  field  with  an 
accuracy  up  to  the  constant  factor  as 

where  x^kr,  k^lnlX  ,  and  r  is  the  distance  between 
the  source  and  the  reflector. 

Thus,  placing  the  irradiator  somewhat  away  from  the 
reflector  and  calculating  the  irradiator  field  either  by 
precise  or  asymptotic  formulas,  it  can  be  seen,  how'  the 
often  occurring  inaccuracy  of  the  electrodynamics 
model  of  the  irradiator  field  influences  the  calculations 
of  mirror  antenna  characteristics.  As  it  was  shown  by  a 
numerical  experiment,  in  the  case  of  smalt  focal  dis¬ 
tances  corresponding  to  the  argument  value  of  the 
Hankel  function  x  -  5;  10;  15,...,  the  radia¬ 

tion  pattern  obtained  for  different  representations  of  the 
irradiator  field  do  not  coincide  even  within  the  princi¬ 
pal  directional  lobe.  A  precise  representation  gives  a 
narrower  principal  lobe  and  a  number  of  strongly  pro¬ 
nounced  side  lobes.  On  the  contrary,  the  asymptotic 
representation  provides  fluent  dependence  of  the  rela¬ 
tive  radiation  power  of  antenna  on  the  azimuthal  angle, 
and  the  side  lobes  occur  only  at  x  >  10  (see  Fig.  la). 


a 


Fig.  1.  Radiation  pattern  of  a  single-mirror  antenna 
for  various  representations  of  the  source  field 


Beginning  from  the  point  x  =  30,  the  both  radiation 
patterns  converge  within  the  main  lobe  and  at  >  50 
describe  it  practically  in  the  same  way  up  to  the  level  of 
(-12. ..-15)  dB.  The  near  side  lobes  can  be  seen  more 
clearly  at  the  "asymptotic"  radiation  pattern,  the  side 
lobes  maximums  arc  close  to  these  of  the  ma.ximums  of 
the  near  side  lobes  of  the  "precise"  radiation  pattern. 
Further  expansion  of  the  minimal  distance  between  the 
irradiator  and  the  reflector  is  accompanied  by  conver¬ 
gence  of  the  side  lobes  (x=  100,  150),  but  the  mini- 
mums  that  separate  the  principal  lobe  from  the  first 
side  one  and  the  first  lobe  from  the  second  one,  remain 
not  deep  even  at  x=  150  (Fig.  lb),  i.e.  a  phenomenon 
is  present,  tliat  is  usually  e.xplained  by  square  phase 
errors,  as  well  as  by  non-optimal  amplitude  distribution 
of  the  irradiator  field  in  the  antenna  radiating  aperture. 
In  the  case  considered,  the  two  reasons  are  valid  by 
calculating  the  radiation  pattern  with  application  of 


both  the  asymptotic  and  precise  representation  of  the 
irradiator  field,  still  the  "precise"  radiation  pattern 
shows  the  minimums  much  more  clearly.  Hence,  the 
inaccuracy  of  the  representation  of  the  irradiator  field  is 
one  of  the  reasons  for  "delays"  of  the  minimums  of  the 
antenna  radiation  pattern. 

2.  The  field  of  the  Hertzian  dipole  placed  at  the  begin¬ 
ning  of  tlie  spherical  coordinate  system  with  a  dipole 
moment  oriented  along  tlie  polar  axis  will  be  written  as: 


1 


/xsin0  90 


(/f^sine). 


Eq  =  MW(x)sin0 

IX  or 


where  x  =  kr-,  pis  module  of  the  dipole  moment,  0  is 
a  polar  angle,  =  Ji{x)+iyi{x)  is  Hankel's  spherical 

function.  In  order  to  estimate  the  distance  between  the 
Hertzian  dipole  and  the  far  field  zone,  the  amplitudes 
and  phases  of  the  cross  components  of  the  electrical 
and  magnetic  fields  were  calculated  in  the  plane  per¬ 
pendicular  to  the  dipole  moment,  i.e.  in  the  case  of 
0  =  90°.  Calculations  indicated,  that  the  relation  be¬ 
tween  the  amplitudes  of  electric  and  magnetic  fields 
near  the  Hertzian  dipole  has  a  complex  feature: 
|fc:e|>|//<pl>  when  %<  0.17 ;  |fe'e|<K|’ 

0.17<%<0.6  ;  |ir9|  =  |/7,,|,  when  %> 0.6  and  beginning 
in  %>o.53  the  amplitudes  of  the  both  components 

decrease  inversely  as  the  first  power  of  distance  (see 
Fig.2a).  In  Fig.2b  cur\'e  1  corresponds  to  the  depend¬ 
ence  of  argEg  on  R/X  :  curve  2-  dependence  of  arg/-/(p 

on  R/X  and  curve  3-  dependence  of  the  phase  differ¬ 
ence  of  the  F'e  n  and  components  on  distance  R/X. 

In  the  case  of  R>0.25X,  the  phase  difference  of  the 
Eq  h  and  components  does  not  depend  on  the  dis¬ 
tance  between  the  irradiator  and  the  control  point,  and 
the  edge  of  the  far  zone  can  be  assumed  R>0.53X. 
These  results  match  quite  well  with  the  results  of  paper 
[3]  and  ascertain  them. 

The  radiation  pattern  of  tlie  spherical  reflector  was 
calculated  by  the  approximate  method  of  physical  op¬ 
tics  and  a  rigorous  method  (4].  Comparing  the  calcula¬ 
tion  results,  it  should  be  noted,  tliat  the  method  of 
physical  optics  provides  a  precise  solution  in  the  main 
lobe  field,  and  the  assumption  that  the  currents  in  the 
shadow  zone  are  zero  is  valid  for  the  first  side  lobes. 
Thus,  Fig.  3  shows  the  radiation  patterns  for  the  "quasi¬ 
resonance"  band,  when  the  dimensions  of  the  diffrac¬ 
tion  structure  are  comparable  with  tlie  wavelength,  the 
cut  angle  0o  =  i2O°,  and  the  irradiator  is  in  the  paraxial 
focus  at  a  distance  br  =  O.A*ro  from  the  origin  of  coor¬ 
dinates.  Results  obtained  by  the  rigorous  method  are 
marked  with  (-t)  [4]. 
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Fig.  2.  Dependence  of  the  amplitudes  and  phases 
components  of  electric  and  magnetic  fields  on  distance 
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3.  The  results  of  numerical  analysis  of  major  charac¬ 
teristics  of  a  reflector  antenna  show,  that  the  accuracy 
of  representation  of  the  irradiator  field  with  the  reflec¬ 
tor  being  placed  in  the  near  zone  strongly  influences 
the  accuracy  of  calculating  the  radiation  pattern,  espe¬ 
cially  in  the  field  of  the  side  lobes.  At  the  same  time, 
with  the  reflector  being  disposed  from  the  irradiator  at 
a  distance  not  less  than  a(4...5))L,  the  approximate 
representation  of  the  irradiator  field  provides  a  correct 
description  of  the  principle  lobe  of  the  radiation  pattern 
up  to  the  level  of  (-12. ..-15)  dB.  Taking  >  20k ,  we 
obtain  the  asymptotic  representation  of  the  irradiator 
field  describing  the  correct  form  and  tlie  level  of  the 
first  side  lobe.  The  problem  of  scattering  of  the 
Hertzian  dipole  field  by  a  spherical  mirror  in 
KirchhofTs  approximation  by  a  rigorous  representation 
of  the  source  field,  a  calculating  algorithm  for  efficient 
analyzing  a  large  scope  of  data  was  developed  and 
implemented  in  the  up-to-date  software  MatLab  (ver¬ 
sion  4.2,  5.0).  The  algorithm  was  tested  for  carrying 
out  the  limit  transitions.  The  obtained  results  confirm, 
that  the  developed  algorithm  can  be  applied  as  a  work¬ 
ing  instrument  while  examining  the  electrodynamical 
characteristics  of  reflector  antennas. 


00  =120°,  ko  =0.6283  *A-o,f)r  = -0.4* /-Q 

Fig.  3.  Radiation  pattern  of  the  spherical  reflector  for  the 
quasi-resonance  band 
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INTRODUCTION 

Multichannel  Multipoint  Distribution  System  (MMDS) 
along  with  cable  net  represent  the  most  convenient  way 
to  distribute  TV  and  radio  signals  over  a  small  area. 
Asynchronous  access  to  the  Internet  can  also  be  real¬ 
ized  via  MMDS.  MMDS  base-stations,  covering  a  cir¬ 
cle  area,  employ  antennas,  that  produce  omnidirec¬ 
tional  radiation  patterns  in  the  azimuth  plane.  Common 
methods  of  achieving  a  unifonn  azimuth  distribution 
are  using  arrays  of  surface  slots  on  a  circular  or  coaxial 
waveguide,  arrays  of  vibrators,  etc.  Another  way  is  a 
dual -reflector  omnidirectional  antenna,  which  consists 
of  a  waveguide  feed,  sub-  and  main  reflectors,  shaped 
to  produce  the  prescribed  elevation  pattern.  The  an¬ 
tenna  axisymmctiy  along  with  properly  designed  feed 
ensure  azimuthal  omnidirectionality.  Such  antenna  has 
a  number  of  advantages:  high  gain,  shaped  elevation 
pattern,  vertical  and  horizontal  polarizations  at  the 
same  time.  TMoi,  TEm  as  w-ell  as  H,,  excitation  may  be 
utilized. 

A  new  mathematical  model  of  such  antennas,  allowing 
VSWR  calculation,  has  been  given  in  [1],  In  Uiis  paper 
the  results  of  design,  simulation  and  measurement  of 
the  dual-reflector  omnidirectional  antenna  for  MMDS 
(11.7-13.5  GHz)  are  presented. 


ANTENNA  DESIGN 

Dual-reflector  omnidirectional  antenna  (Fig.  1)  is  a 
kind  of  dual-reflector  axisymmetrical  antennas  and 
therefore  can  be  synthesized  using  well  known  geomet¬ 
rical  optics  principles  (see,  for  instance,  reference  2). 
The  only  difference  is  that  the  aperture  is  a  cylinder. 
Under  the  definitions  of  the  Fig.  1  the  expressions  [1] 
are  transformed  as  follows: 

c  =  p-t-/4-s,  (1) 

7  =  /(0),  (2) 

1  dp  /•cos(9)+z  sin(9) 
p  dQ  /-f-p  +  rsin(0)~zcos(9)’ 

cosy  - 2r{d  cos  vj/  +  {/j  +  z)sinvi/)cos  v|/  + 

+  {d  cos  \|/  +  {h  +  z)sinv(/)^  = 

where  c  is  the  constant  path  length.  Equation  (2)  de¬ 
fines  the  transformation  law  of  the  feed  energy  into  tlie 
aperture  distribution.  A  solution  of  the  system  (l)-(4) 
leads  to  the  subreflector  p(0)  and  main  reflector  r(z) 

cross  sections. 

To  illustrate  the  synthesis  technique,  dual-reflector 
omnidirectional  antenna  has  been  designed  for  MMDS 
operating  in  11.7—13.5  GHz  frequency  range.  Since 
TMoi  +  TEoi  excitation  can  not  guarantee  the  expected 
antenna  radiation  pattern  equivalence  on  the  orthogo¬ 
nal  polarizations  then  Hu  excitation  has  been  chosen. 
The  antenna  feed  is  an  open  circular  waveguide  with  an 
axial  slot  in  the  aperture,  wliich  symmetries  the  feed 
pattern  and  at  the  same  time  prevents  from  the  induced 
current  on  the  external  feed  surface.  The  radiation 
pattern  of  the  feed,  computed  using  Mode  Matching 
Technique,  is  presented  in  Fig.  2.  The  design  procedure 
[3]  has  been  applied  to  the  reflector  profiles  sjmthesis 
in  order  to  obtain  the  maximum  antenna  for  the  given 
feed  pattern. 

ANTENNA  INVESTIGATION 

The  entire  antenna  has  been  analyzed  using  the  field 
theory  approach  (FT A)  [4].  It  has  to  be  noticed  that 
applied  technique  gives  the  complete  electromagnetic 
characteristics  of  the  antenna,  including  radiation  pat¬ 
tern  and  VSWR.  The  designed  antenna  has  been 
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manufactured  at  the  Temopil's  design  office  “Promin” 
(Fig.  3). 


F,dB 


Fig.  3 


The  antenna’s  VSWR  versus  frequency  is  shown  in 
Fig.  4.  A  good  agreement  between  computed  (dashed 
line  with  crosses)  and  measured  (solid  line)  character¬ 
istics  of  tlie  experimental  antenna  is  demonstrated.  Fig. 
5  contains  a  comparison  between  the  measured  and 
FTA  simulated  radiation  patterns.  It  can  be  seen  that 
the  theoretical  technique  gives  accurate  main  lobe  and 
fist  sidelobc  as  well  as  wide  angle  prediction. 


VSWR 


F,  dB 


DISCUSSION 

The  synthesis  procedure  for  dual-reflector  omnidirec¬ 
tional  antenna  has  been  proposed  earlier  by  Norris  [4]. 
It  employs  a  parabolic  subreflector  and  shaped  main 
reflector.  Under  m  ~  0  excitation  in  this  case  the  an¬ 
tenna’s  VSWR  is  mainly  determined  by  interior  feed 
matching,  because  of  the  null  radiation  along  the  axis, 
which  lowers  the  subreflector  reaction.  However,  when 
Hu  excitation  is  used  the  particular  consideration  must 
be  given  to  the  subreflector  reaction.  It  is  obvious,  that 
properly  shaped  subreflector,  unlike  conventional 
paraboloid,  will  improve  antenna  matching  character¬ 
istics.  This  is  demonstrated  in  Fig.  4,  where  Hu  FTA 
simulated  VSWR  is  presented  for  the  omnidirectiona! 
system,  synthesized  by  Noris’s  method  (solid  line  with 
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circles).  Both  geometries,  previously  described  (solid 
line)  and  Noris’s  (dashed  line),  are  shown  in  Fig.  6. 
The  same  feed  horn,  feed  angle  and  main  reflector 
height  are  used.  It  is  interesting  to  notice,  that  Noris’s 
method  gives  a  conventional  conic  section  for  main 
reflector  profile,  when  the  maximum  gain  is  required. 


2.  Galindo  V.  Design  of  dual-reflector  antennas  with 
arbitrary  phase  and  amplitude  distributions  //  IEEE 
Trans.  -  1964.  -  Vol.  AP-12.  -  No.4.  -  P. 
403-408. 

3.  Dubrovka  F.F.,  Dubrovka  R.F.,  Kim  O.S.  A  highly 
efficient  iterative  method  of  diffraction  synthesis  of 
axially  symmetric  dual -reflector  antennas  for  sat¬ 
ellite  information  systems.  Part  1:  The  theory//  Ra- 
dioelektronika  (Izvestiya  VUZ).  -  1998.  -  Voi.41. 
-  N7.  -  P.9-21,  fin  Russian;  translation  into  Eng¬ 
lish;  Radioelectronics  &  Communication  Systems, 
V.41,  no.7,  1998,  pp.  5-13]. 

4.  Norris  A.P.,  Waddoup  W.D.  A  millimetiic  wave 
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ABSTRACT 

The  problem  of  synthesis  of  the  contoured  radiation 
patterns  of  spacecraft  reflector  antenna  with  classic  and 
non-classic  reflectors  and  array  feed  are  considered. 
The  variational  formulation  of  the  synthesis  problem 
according  to  the  given  magnitude  pattern  and  nontra- 
ditional  forms  of  apertures  are  used.  The  mean-square 
deviation  of  given  and  synthesized  magnitudes  is  cho¬ 
sen  as  optimization  criterion.  It  pennits  to  improve  the 
approximation  quality'  of  the  magnitudes,  to  influence 
by  a  certain  mean  on  polarized  properties  of  synthe¬ 
sized  radiation  patterns,  and  also  to  satisfy  set  addi¬ 
tional  requirements. 

INTRODUCTION 

For  formation  of  zonal  receivc-transmitting  antennas 
beams  of  modem  satellite  communication  systems, 
reflector  spacecraft  contoured  reflector  antennas  sys¬ 
tems  had  been  used.  These  can  have  various  configura¬ 
tions,  but  the  requirement  to  ensure  covering  a  certain 
region  of  the  ground  with  a  given  factor  of  amplifica¬ 
tion  in  whole  serv'ice  region  is  usually  laid  for  every¬ 
one,  For  this  purpose  the  antenna  beam  of  a  given 
shape  (contoured  beam),  consisting  of  several  narrow 
compound  beams  generated  by  separate  element  of  the 
feed  array  is  used. 

In  this  work  one  approach  to  the  solution  of  synthesis 
problem  of  the  contoured  radiation  patterns  dual¬ 
reflector  antennas  according  to  the  prescribed  magni¬ 
tude  pattern  is  proposed.  It  consists  in  detennination  of 
the  amplitude-phase  distribution  (APD)  on  the  ele¬ 
ments  of  the  feed  array.  Freedom  of  choice  of  the  phase 
radiation  pattern  is  used  as  the  additional  possibility'  for 
improvement  the  approximation  quality  of  the  sy'nthe- 
sized  amplitude  pattern  to  the  given. 

STATEMENT  OF  THE  PROBLEM 

The  design  of  a  dual-reflector  antenna  consisting  of  two 
nonsymmetrical  offset  reflectors  and  feed  array  is  con¬ 
sidered.  It  is  supposed  that  the  subreflector  is  placed  in 
the  far  zone  in  relation  to  separate  feed  element  and  in 
the  near  zone  in  relation  to  the  main  reflector  and  to 
the  feed  array  as  a  whole. 


Let  a  field  (partial  radiation  pattern)  in  the  far  zone  be 
described  by  the  coordinates  of  the  satellite  antenna:  the 
angle  of  elevation  9  and  the  angle  of  azimuth  cp .  It  is 
assumed,  that  the  partial  radiation  pattern  of  the  n-th 
separate  beam  in  tlie  point  of  observation  (3y,cpy), 

exciting  by  the  unit  level  of  power  and  zeroth  phase, 
can  be  presented  by  the  complex  vector 
( f„  (9,  T)  =  (a,  cp)i  3  +  (S,  cp)l^ . ). 

The  feed  array  in  our  research  can  have  general  con¬ 
figuration  in  tlie  sense  that  the  position  and  orientation 
of  the  «-th  feed  element  is  specified  independently. 
Besides,  the  excitation  coefficients  and  tlie  type  of  ra¬ 
diation  (a  cod’  9  feed)  might  also  varying  from  ele¬ 
ment  to  element  [1]. 

Having  designated  through  1  j  the  complex  factor  of 

excitation  of  u-th  feed  element,  electromagnetic  field  of 
all  sy'stem  is  considered  as  a  sum  of  the  partial  fields, 
and  the  total  radiation  patteni  is  written  as 

N 

F(9,(p)  =  AI  =  X7„f„(9,cp);A://^-+Ff^,  (1) 

«=i 

where  H/  and  Hf  are  five  Hilbert  spaces  with  tlie  inner 
products  (•,  •)  and  norms  ||  •  |j 

N 

(i,i)=Xv:,||i||^^  -  (LI),  (2) 

n-\ 

-  j|j/j®(9,(p)[/2^9,(p)]*  + 

^  (3) 

sin9-r/9<7cp, 

respectively.  A/  is  a  quantity  of  feed  elements  and  S  is 
a  surface  of  the  main  reflector. 

The  value  (9  ,cp)  can  be  determined  for  all  points  of 
observation  inside  a  service  zone  and  outside  of  it  with 
tlie  help  of  tlie  physical  optics  methods,  i.e. 
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JI[  n  X  ]exp(/A'  (r,  r'))*, 

s 


Here  A*  is  an  operator  which  is  an  adjoint  to  operator 
A  in  the  identity  sense 


where  n  is  tlie  unit  vector  normal  to  surface  S  and 
pointing  to  the  subrcfleclor,  r'  is  a  vector  of  the  point 
of  integration  on  the  reflector,  r  is  a  vector  of  the  point 
of  observation,  t;  =  120?!  ,  is  a  vector  of  the  mag¬ 
netic  field  near  the  surface  of  the  main  reflector  and  is 
determined  with  the  help  of  the  relation  (see,  for  exam¬ 
ple  [1]) 


rot 


_L  rr  T 

An  JJ  o  ‘  " 


i.  e.  taking  into  account  a  real  distance  between  the 
reflectors  p  and  the  whirlwind  (vortex)  character  of  the 
fild  between  the  reflectors.  Here  is  a  surface  of  the 
contrrcflector  and  is  a  vector  of  the  formed  current 
on  it. 

Assume  also  that  in  some  region  D.  of  angles  9  and  cp 
the  magnitude  pattern  Fg  is  given  by  their  components 

/'jf  and  .  Outside  this  region  we  shall  believe 
F„=0  (i.e.  Fi=F,^=0). 

Taking  into  account  this  assumption,  the  problem  of 
synthesis  of  the  contoured  beam  reflector  antenna  can 
be  concisely  formulated  in  the  following  fonn.  At  a 
known  geometry  of  the  feed  array  and  the  partial  radia¬ 
tion  patterns  of  the  separate  radiators  of  array  it  is  re¬ 
quired  to  determine  the  amplitudes  and  phases  of  exci¬ 
tation  of  the  radiators  (a  vector  of  excitation  of  the  feed 
elements  I  =  ).  The  designing  problem  is 

essentially  nonlinear  one  and  can  possess  non-unique 
solution.  In  this  situation,  one  needs  means  to  search 
the  "best"  (or  the  "optimum")  solution  in  tenns  of  some 
criterion.  The  mean-square  deviation  of  sxmthesized 
and  given  amplitude  radiation  patterns  in  some  region 
Q  is  used  as  criterion  of  optimization.  Thus,  the  prob¬ 
lem  of  synthesis  consists  in  a  finding  vector  I ,  which 
minimizes  the  functional  [2] 


(AI,F)^^  =(I,A*F)^^.  (6) 

Substituting  (1)  in  (5)  we  obtain  the  Euler’s  operator 
equation  relatively  to  1  : 

pI--A*AI  +  A*A(Fo-e''‘"®'^),  (7) 

and  using  (2),  (3)  for  the  operator  A*  we  obtain  the 

correlation 

A*F  =  jj{[/„\9,cp)f7^^9,cp)  + 

^  (8) 

+  [/„‘f’(a,cp)fF‘<’(9,|  sin9-<iSr/(p 

It  permits  to  write  the  equation  (7)  in  extented  form. 
So,  taking  into  account  (8)  from  (7)  we  obtain  the  non¬ 
linear  sj'stem  of  algebraic  equations  relatively  to  I  : 

P4  =  XW,„-<7„(IXn=:l,2,..,Ar,  (9) 

w=i 

where  b^m  and  are  defined  with  the  help  of  the 
fonnulas 

^  (10) 

+  \fn  «P)f  fm  T)  I  sin  9  ■  Cl^dq>, 

q,  -  jjfe(9,9)[/»(9,(p)f  e'^% 

Q  ^ 

.  +FjP(9,cp)[/„n9,cp)f  e'-s^"|sin9^9r(cp 

The  components  of  vector  I  to  be  found  enter  in  a  sys¬ 
tem  (9)  nonlinearly  only  while  defining  q„.  It  permits 
to  construct  iterative  process  of  solution  of  the  system 
in  a  form 

!(''>=  (PE +  B)'V(I^''"^^)>  (11) 


where  p  >  0  is  some  real  parameter. 

BASIC  EQUATION  AND  ALGORITHM 
OF  THE  SOLUTION 

The  condition  of  stationarily  of  the  functional  G  leads 
to  the  equation 

pI  =  A*(Fo-e'“^8^-F),  (5) 

in  which 


where  v  is  a  number  of  iterations,  B  is  a  matrix,  the 
elements  of  which  do  not  depend  on  I  ,  E  is  a  unit 
matrix,  (7(1 )  is  a  vector  of  the  right  part  of  equation  (9). 
Thus,  the  iterative  process  is  reduced  to  the  process  in 
which  the  inverse  matrix  (pE  +  B)"*  is  calculated  once 
and  it  is  multiplied  on  the  vector  q{[)  which  is  calcu¬ 
lated  on  each  iteration,  that  saves  a  time  of  the  solution. 

Analysis  of  this  equations  show  that  they  can  have  the 
solution  both  in  class  of  synphased  radiation  patterns 
and  in  classes  of  complex  functions.  The  questions  of 
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definition  of  the  quantity  optimal  solutions  and  their 
quality  characteristics,  have  a  sufficiently  difficult 
character  and  are  based  on  the  methods  of  the  nonlin¬ 
ear  analysis, 


CONCLUSION 


The  offered  approach  and  developed  algorithm  permits 
to  solve  the  problems  of  synthesis  of  the  contoured 
radiation  patterns  for  any  forms  of  hybrid  antennas. 
Besides,  the  accepted  statement  of  a  problem  has  the 
following  means: 

Freedom  of  choise  of  the  phase  radiation  pattern  is  used 
for  improvement  of  the  approximation  quality  of  the 
synthesized  amplitude  patterns  to  the  given. 

•  The  mean-square  deviation  of  the  components  of 
synthesized  and  given  amplitude  patterns  permit  to  take 
into  consideration  the  polarized  properties  of  the  radia¬ 
tion  pattern.  In  particular,  in  a  case  of  circular  polari¬ 
zation  we  have 


^0  (^-9)  - 


/^o‘^(9,9) 


and 


argFo®(S,9)  =  argFj’(S,cp)  +  n/  2  . 


•  The  second  summand  in  the  optimization  criterion 
ensures  the  realizing  of  the  solution  to  be  found. 


•  The  radiation  patterns  can  be  synthesized  for  the 
antennas  with  nonsymmetrical  offset  reflectors.  In 
particular,  the  various  cuttings  from  a  paraboloidal 
reflector  such  as  ellipse,  circle,  rectangular,  square, 
sector,  etc  can  be  used. 

•  The  feed  sj'stcm  can  comprise  an  array  of  general 
configuration.  The  each  element  of  the  feed  array  can 
have  own,  diferent  from  others,  radiation  pattern  which 
can  be  calculated  using  formulas  or  measured  data 

Thus,  such  an  approach  can  be  used  for  designing  the 
satellite  antennas  communication  systems  for  covering 
certain  territory. 
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The  optimization  algorithm  of  the  dual  reflector  antenna  with  the  main  reflector,  typed  from  parabolic  panels  ensuring 
the  maximal  value  of  the  aperture  efficienc>'  is  considered. 


The  modem  multiband  antennas  for  earth  station  of 
satellite  communication  systems  should  have  a  high 
aperture  efifieiency  in  all  frequency  ranges  simultane¬ 
ously.  The  optimality  of  electrical  parameters  for  such 
antennas  is  provided  with  wide  use  of  axial  symmetri¬ 
cal  dual-shaped  reflector  antennas.  The  mathematical 
problem  of  using  geometrical  optics  (GO)  to  synthesize 
such  surfaces  was  solved  for  the  rotationally  symmetric 
case  in  1962-1964  [1],  [2],  Later  the  GO  synthesize 
algorithm  was  elaborated  for  the  existing  parabolic 
antenna's  modification  [3].  In  this  case  the  aperture 
efficiency  was  increased  by  the  subreflector  surface 
modification  and  subrcflector's  location  only.  Then 
there  are  the  insignificant  phases  errors  and  the  optimal 
amplitude  distribution  in  the  main  reflector's  aperture. 

However  such  a  modification  isn't  sufficient  for  the 
multiband  antennas  with  the  large  ratio  of  the  high  and 
lower  frequency  (/// /,/l  =2-^3).  If  subreflector  is 
optimized  for  the  lower  frequency',  the  aperture  phases 
errors  are  as  significant  as  for  high  frequency.  The 
diameter  of  the  subreflector  optimized  for  high  fre¬ 
quency  is  small  for  lower  frequency,  and  in  this  case 
the  diffraction  losses  are  essential. 

In  this  paper  the  optimization  algorithm  for  the  para¬ 
bolic  reflector's  surface  is  considered  on  the  basis  of  the 
classical  Cassegrain  antenna,  by  the  criterion  of  the 
maximal  aperture  efficiency  achievement  with  the  use 
of  the  main  reflector,  whose  surface  is  fonned  by  para¬ 
bolic  panels  located  in  N  of  circles.  An  auxiliary  condi¬ 
tion  imposed  on  a  choice  of  the  resulting  surface  shape, 
was  restriction  on  radial  moving  of  units  of  fastening  of 
panels  to  the  main  reflector's  load-bearing  carcass. 

As  it  is  known  the  dual-shaped  reflector  antenna  has 
the  theoretical  maximum  possible  aperture  efficiency 
r\^ ,  equal  to  unit.  The  traditional  task  of  the  updating 
symmetric  dual  reflector  antenna  with  the  given  surface 
form  of  the  main  reflector  (Fig.  1)  is  solved  by  the  re¬ 
placement  of  existing  subreflector  with  reflector  from 
dual-shaped  antenna,  ensuring  the  maximum  value  of 
the  aperture  efficiency  [3]: 

max(fla(P)),  (1) 


where  P  is  tlie  irradiation  angle  of  the  main  reflector 
edge.  This  optimization  method  provides  tlie  minimi¬ 
zation  of  the  aperture  phases  errors,  occurred  as  a  result 
of  the  use  of  the  main  reflector  with  the  given  surface 
Zo(.r) . 


Fig.  1.  Traditional  partial  modification  antenna 


The  theoretical  profile  of  the  dual-shaped  antenna's 
main  reflector  should  satisfy  the  condition 


max 


^zAx)- 


max  J\ 


4F 


<  Smax  .  (2) 


where  3n,ax  **  maximum  deviation  of  the  theoreti¬ 
cal  synthesized  profile  Zfix)  of  the  main  reflector 
from  the  initial  parabolic  one,  F  is  the  focal  length  of 
the  initial  parabolic  main  reflector  Zq(x)  . 


The  optimization  of  the  main  reflector  surface  z^p,  was 

carried  out  by  the  parabolic  panels  packing  in  such  a 
manner  that  to  minimize  the  maximum  deviation  of  tlie 
resulting  surface  from  the  surface  zj  (x)  of  the  main 
reflector  profile  in  the  tlieoretical  dual-shaped  antenna: 


mm 


('^max  (^)  ^opt )} 


(3) 


where  are  the  boundary  coordinates  of  the 

main  reflector. 
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The  algorithm  for  the  calculation  of  the  dual-shaped 
reflector  antenna  profiles  of  surfaces  was  described  in 
[4],  The  theoretically  designed  profile  of  the  main  re¬ 
flector  in  this  antenna  was  approximated  by  the  poly¬ 
nomial  curve: 

N 

^7  (4) 

i=0 

where  Aj  are  the  approximation  coefficients  of  the 
calculated  points  of  the  dual-shaped  antenna's  main 
reflector,  (xq.Zo)  is  internal  edge  coordinate  of  the 
calculated  main  reflector  surface. 


the  panels  location  is  carried  out  from  choice  of  the 
peripheral  panel  location.  For  other  panels  the  optimi¬ 
zation  of  its  location  is  reduced  to  overlapping  the  ex¬ 
ternal  edge  of  the  panel  with  tlie  previous  panel  inter¬ 
nal  edge  and  to  the  solution  of  an  one-parametrical  task 
of  finding  the  turning  angle  of  the  coordinates  system 
relatively  to  this  point . 

For  the  Cassegrain  antenna  with  F/D  =  0,45  and  size 
of  the  aperture  D/X  =  216  in  the  bottom  range  of  fre¬ 
quencies  it  was  possible  to  reduce  a  deviation  of  the 
theoretical  profile  from  the  resulting  surface  one  up  to 

An,ax=0=072X. 


The  resulting  surface  profile  is  defined  as  the  fimetion 
^opt  =  (x),  x'q,-  ,  z'o, ,  e, ) ,  (5) 

where  z,  (x)  is  surface  profile  of  the  /  -th  parabolic 
panel,  (aco;,^o;)  is  the  panels  joints  coordinate  of  tlie 
optimized  reflector,  0,  is  the  turning  angle  of  the  /  -th 
panel  relatively  to  its  initial  location  (Fig.  2). 


Fig.  2.  The  transfer  of  the  /  -th  panel  in  the  optimal 
location 
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The  piecewise-parabolic  profile  of  the  initial  reflector  is 
determined  by  the  ratio 


'  X(\i  + 


AF 


(6) 


where  is  the  initial  coordinate  of  the  panel's 

joints,  i  =  0,...N  is  the  panel's  number,  N  is  the  num¬ 
ber  of  the  forming  profile  panels. 


The  solution  of  multiparametrical  task  of  tlie  surface 
optimization  was  carried  out  in  two  stages: 

1.  Choice  of  an  optimum  profile  of  the  main  reflec¬ 
tor's  theoretical  surface,  satisfying  the  condition 
(2); 


2.  Optimization  of  the  parabolic  panels  arrangement 
ensuring  minimization  of  the  panel  surface  from 
theoretical  deviation. 


The  maximum  deviation  of  the  curv’ature  of  the  theo¬ 
retical  surface  from  the  parabola  is  observed  on  periph¬ 
ery  of  the  main  reflector.  Therefore  the  optimization  of 
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The  antennas  gain  (GA)  loss  (for  antennas  with  GA 
40-45  dB)  in  tropospheric-scatter  communication 
(TSC)  systems  is  determined  by  a  mechanism  of  long 
distance  tropospheric  radio  waves  propagation 
(LDTRWP)  [1]  and  affects  TSC  systems  power  poten¬ 
tial  that  determines  noise  immunit}'  of  these  systems  [2, 
5]  and  fade  margin  [3,  4], 

To  calculate  more  accurately  a  power  potential  of  TSC 
system  it  is  necessary  to  consider  more  correctly  a 
varying  signal  level  at  input  of  TSC  system  receiver, 
i.e.  to  calculate  more  accurately  level  of  antennas  gain 
loss  —  ^Gga  ■  ^ut  for  this  it  is  necessary'  to  simulate 
fragmentarily  some  parameters  of  antennas  and  tropo¬ 
sphere  detemiining  value  —  ^^ga-  Moreover  it  is 
necessary  to  formalize  and  algorithmize  calculating 
antennas  gain  loss  for  definite  problems  of  detemiining 
power  potential  of  TSC  systems. 

At  the  moment  according  to  [2],  there  is  no  formalized 
correlation  for  signal  level  vaiying  at  output  of  TSC 
sj'stem  receiver  and  antennas  gain  of  such  systems, 
and,  as  a  result,  for  antennas  gain  loss  —  [3]. 


F  = 


-  iTzdBxE„  \g\ ) , 


16 /Esin'‘  0,„ 
•  ( 

sin  - ^  U 


g  Fin  .  ^ 
~^+j — sin0„ 


Bz^ 
B  +  z^ 


-exp 


-U' 


y/?o  + 


Bz^ 


B  +  z^ 


(1) 


Introducing  =  / E„\ ,  the  expressions  for 

tropospheric  wave  attenuation  in  the  focal  region  of 
antemia  witli  respect  to  coordinates  X,  Y,  Z  for  corre¬ 
sponding  focal  planes  of  antenna  aperture  have  been 
obtained  as  follows  [3]; 


-  mdBz\g\R^ 


exp 


^lAU)  .U ,  %h{U) 

2  i\— /-+; — tan  ^  ■  -  cosOo 

U  z  2  U 


(2) 


Thus,  the  present  paper  is  devoted  to  a  conceptual  ap¬ 
proach  to  formalize  problem  of  detennining  the  corre¬ 
lation  between  signal  level  and  level  of  antennas  gain 
loss  —  AG(3^  of  TSC  system  with  the  help  of  a  con¬ 
ceptual  model  “antenna-troposphere-antenna”  (Fig.  1) 
for  LDTRWP  mechanism  [2]. 


Fig.1.  A  conceptual  model 
“antenna-troposphere-antenna" 


Then,  the  electric  field  in  focal  region  of  antenna  is 
detennined  [3]  as  follows. 


-  indBz\g\R'j_ 
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■  indBz\g\R^^ 
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The  calculation  results  for  layer  formations  in  tropo¬ 
sphere  with  asy'inmetric  dependence  of  As,y  variation 

in  the  layer  are  shown  in  Fig.  2.  The  obtained  results 
characterize  mean-statistic  values  of  tropospheric  wave 
attenuation  (Fu-op)  in  the  focal  region  of  antenna  and 

angles  of  tropospheric  wave  arrival  (t^rop)  correspond¬ 
ing  to  a  distorted  wave  front  in  antenna  aperture,  i.e.  its 
difference  from  a  plane  one  [2,  3].  This  is  equivalent  to 
antenna  feed  displacement  in  the  focal  region  on  some 
value  ACM^.pp.  Determining  this  value  dependence  on 
lime  it  is  possible  to  detennine  varying  in  time  value  of 
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antenna  gain  —  Gq^,  for  example,  that  has  been  de¬ 
termined  experimentally  in  [3]  and  which  daily  varia¬ 
tions  have  been  0.01-0. 03G  (standard  value  G  =  30  dB, 
R  =  200  km,  X  =  6.4  cm). 


Fig.  2.  Mean-statistic  variation 
of  the  antenna  focal  tropospheric  spot 


They  confirm  the  main  principle  of  the  conceptual 
approach  to  determine  AGq^;  it  is  possible  to  “recover” 
the  standard  antenna  gain  during  receiving  fluctuating 
tropospheric  wave  if  antenna  feed  is  displacing  in  the 
antenna  focal  region  according  to  complex  trajectories 
(see  Fig.  3)  simultaneously  in  three  planes  [3],  Under 
this  the  correlation  between  antenna  gain  loss  level  and 
tropospheric  wave  field  is  detennined  as  [3] 

£^(X,F)=  jf  {«,G,(F)}/f2(^,Ti)^*!  + 

^  par 

^  feed 

OXF)}Kz{l,r\,X',Y')Kz{l,^,X,Y)dtM  (8) 

where  ti,4 —  coordinates  in  a  paraboloid  plane; 
X,Y  —  coordinates  in  a  feed  plane;  X'J' —  coordi¬ 
nates  of  tlie  system:  feed  plane-paraboloid  plane. 

And  the  power  of  the  signal  being  received  by  feed  [3] 
is  detennined  [3]  as 


Then  taking  into  account  standard  antenna  gain  G 
antenna  gain  loss  AGq^  is  determined  as  [3] 


~  ^GA 


(5) 


for  reflector  antennas  that  have  a  profile  describing  by 
the  law  [2-4] 


Y^=nfa 


(6) 


Introducing  the  mean-statistic  function  of  feed  dis¬ 
placement  from  the  focus  due  to  troposphere  influence 
as  P(X,Y,Z)  [3,4],  it  can  be  detennined  as 


fca^  ACM. 


trap 


(7) 


2/2  \  +  a^l4f  ■ 

The  calculation  results  for  p(A',T,Z)  are  shown  in 
Fig.  3. 


^^feed 


^feed 

yiK,(X,^,X',Y')Kz{l,r\,X,YWf 
and  considering  some  assumptions  [2,3] 


■^feed 


{z)^B%r{X,Yf 
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where  B  CJfeed  )?  —  Otfeed  OCpar- 

According  to  [3] 


.Ke,(F)[ 


1  +  2^Co5 


2K 

\  +  f 


X  ACM ij.gp  cpi  }Sin 


^2Ky^ 


ACM  trap  +^2 
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Fig.  3.  Calculated  "displacement"  of  the  feed 
through  tropospheric  influence 


The  calculation  results  are  shown  in  Fig.  4. 


Fig.  4.  Energy  distribution  in  feed  aperture 
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Then  AG(5^  is  determined  as  [2,3,5] 


i; 


ff  {RA{F)]K2{t,r\,Xj) 

\l-oi<^fecdKz{W\y)Fzt^XJ')\ 

^fecd  •' 

X  K2  1 11, X',  y  ')Kz  (t  y^,XJ)d^d^f  ■ 

jj^A^uD  {RA(F}}XztT^)d^dr^  + 

^  par 

+  CX  \\v^j,,,^^^A{F)]X2tr\,X',Y') 

^  feed 


The  calculation  results  of  determining  the  energy  re¬ 
distribution  between  feed  and  antenna  for  formulae 
mentioned  above  arc  shown  in  Fig,  5. 


Fig.  5.  Calculation  distributions  of  signal  levels 
equivalent  AG^^^.^  u  AGq^^^ 


CONCLUSIONS 

1.  Distributions  1  and  2  in  Fig.  5  detennine  the  varia¬ 
tion  of  signal  level  received  by  antenna,  and  are  similar 
to  Rayleigh  law  [3] 


i.e.  they  correspond  to  a  minimum  of  AGq^^.^  . 


2.  Distributions  3  and  4  in  Fig.  5  represent  integral 
distributions  of  two  signals  having  equal  medians,  both 
of  which  distributed  according  to  Rayleigh  law  [2-5], 

i.e.  they  correspond  to  a  maximum  of  AGq^^^  . 


3.  Fig.  6.  shows  intervals  of  varying  AGq^  with  respect 
to  maximum  and  minimum  of  approximating  straight 
lines  necessary'  to  calculate  power  potential  of  TSC 
system. 


Fig,  6.  Calculation  values  AGq^^.^ 
and  AGoa  for  TSC  systems 


The  results  represented  in  the  present  paper  permit, 
according  to  [3,  5],  to  confirm  the  main  principles  of 
tire  conceptual  approach  to  determine  antennas  gain 
loss,  namely:  developing  the  conceptual  model 
“anteima-troposphere-antenna”;  determining  the  varia¬ 
tion  of  mean-statistic  value  ACMtrop;  determining  the 
quasi-optimum  trajectories  of  feed  displacement  to 
recover  standard  antenna  gain;  determining  the  for¬ 
malized  antenna  gain  loss  -AGqa;  determining  maxi¬ 
mum  and  minimum  values  of  AGqa  in  order  to  calculate 
more  accurately  tire  power  potential  of  TSC  system  [5]. 
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A  problem  of  autocompensators  are  actual  not  only  for 
tropospheric-scatter  communication  (TSC)  systems  [1- 
5],  Due  to  the  complexity  of  is  solving  [1-3]  the  present 
paper  considers  only  the  one  theoretical  aspect  of  the 
problem  of  quick  fading  autocompensation  in  TSC 
system,  namely,  that  one  that  concerns  the  formaliza¬ 
tion  of  the  correlation  between  quick  fading  margin  and 
antennas  gain  loss  AGqa  in  order  to  stabilize  automati¬ 
cally  a  standard  power  fading  margin  in  TSC  systems 
[1-3],  Under  this,  the  evaluation  of  necessary  fading 
margin  in  TSC  system  is  done  with  respect  to  infonna- 
tional  reliability  according  to  condition  [1-5] 


/iGn,  =  —  Jl-3] 


A=(j-lafjx 

[1  -  ^^feedKz  (t 

^par  Ofeed 

QXF)}Kztr\,X\Y')K2ty\.Xj)didrxf. 


Well  known  [1-3],  that  in  modem  TSC  systems  an 
effective  way  to  create  fading  margin  while  receiving 
fluctuating  signals  is  an  increases  in  diversity  order  (L) 
of  receiving  signal  channels,  frequency,  time  diversities 
or  their  combination  [1-3],  This  increase  the  total  level 
of  receiving  signals.  According  to  [1-5],  for  example. 


for  TSC  sj'stems  with  angle  diversity  it  is  impossible  to 
obtain  decorrelated  space  receiving  channels  without 
narrow  radiation  patterns  (RP)  of  different  diversity 
beam  width  equal  to  O.l”  -  0.3°  [1-3], 

Thus,  to  formalize  the  correlation  between  fading  mar¬ 
gin  and  antenna  gain  loss  it  is  considered  a  theoretical 
aspect  of  quick  fading  autocompensation  in  TSC  sys¬ 
tems  witli  angle  diversity  formed  when  two  antennas  in 
TSC  systems  are  joined  according  to  two-element  radio 
interferometer  (RI)  scheme  (see  Fig.  1). 


Fig.1.  A  scheme  of  an  angle  diversity  TSC  system 

Such  antennas  joining  [1-3]  is  possible  due  to  common 
heterodyne  in  a  receiver  for  preselective  signal  proc¬ 
essing  in  the  event  when  the  latters  have  been  received 
by  two  spatially  diversed  antennas  [1-3],  Then  median 
levels  of  receiving  signals  riomed  (1)  are  determined 
according  to  [1-5]  by  the  mean-median  levels  of  re¬ 
ceiving  signals  named  (1)  are  determined,  according  to 
[1-5]  by  the  mean-median  levels  of  interferometric 
components 
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where  .S’"^  ,  sum  and  difference  inter¬ 

ferometric  components  (m,  n  = 

The  sum  (2 )  and  difference  (a)  interferometric  signal 

components  arc  determined  by  multi -beam  RP  in 
Fig.  L  according  to  [1-3]  for  RI  with  base  size  equal  to 
70-100  X ,  and  lobes  v/idth  0,15  °  -  0.3 


A  correlation  function  for  amplitude  fluctuations  of 
tropospheric  waves  received  by  two  RI  antennas  deter¬ 
mines  the  relation  between  signals  amplitudes  S\  and  ^’2 
and  sum-difference  interferometric  components  levels 
[1-3] 


(6^>ro/? 
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Then  the  mutual  correlation  function  for  amplitude 
fluctuations  iS'i(Vmodi-{''i0i(‘^*)}  ^nd  5'2(Vmod2{''202(^)} 

is  determined  according  to  [1-3]  as 


The  calculation  simulation  and  experimental  results  [1- 
5],  for  example,  for  R  =  200  km  and  space  correlation 

radii  p*=  1.4  -  10  m  determine  signals  mutual  corre¬ 
lation  values  that  are  equal  to  0.01  and  0.0002  for 
S'"'  and  0.05  and  0.1  for  S"]^  [1-3].  These  results 

confirm  that  there  is  weak  correlation  between  space 
signals  received  by  interference  RP  lobes  of  RI.  In  this 
event  in  TSC  system  automatically,  at  any  rate,  the  4- 
order  angle  diversity  in  TSC  system  automatically,  at 
angle  diversity  in  azimuth  and  tilt  planes  is  «fonned», 
and  interferometric  components  sum  level  at  adder 
output  in  Fig.  1  is  determined  according  to  [1-5] 
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The  correlation  function  is  determined  as  a  mean-value 
with  respect  to  product  of  signals  proportioning  to  the 
gain  of  the  antennas  G\  and  G2 

B(x)  =  .S'i(t)S,(0  (10) 

The  b(t)  has  to  be  presented  as  a  product  of  amplitude 
B3(t)  and  phase  B(p(r)  fluctuations  [1-3] 
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Then  the  gain  loss  for  RI  antennas  with  multi-beam  RP 
is  determined  tlirough  relative  stationary  in  time  value 
,  according  to  [1-3] 
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where  D  and  Dq  -  relative  sizes  of  irregularities  scales 
in  scatering  tropospheric  volume  [1-5]. 

It  has  been  also  established  that  in  the  event  signals  S', 
and  S2  at  the  input  of  TSC  system  with  two-element  RI 
are  distributed  acceding  to  Rayleigh  law,  at  adder  re¬ 
ceivers  outputs  (see  Fig.  1)  the  following  distributions 
laws  will  occur;  for  difference  components  —  a  gener¬ 
alised  Rayleigh  law  [1-3],  and  for  sum  component  — 
thee  parametric  one  [1-3]. 

Now  according  to  (1-5)  it  is  necessary  to  evaluate  a 
power  quick  fading  margin  in  TSC  system  with  RI.  For 
tliis  it  is  necessary  to  obtain  an  integral  distribution  law 
for  total  (sum)  power  being  intercepted  by  two  element 
RI  aperture  in  10,  50  and  90  %  of  observation  time 
with  respect  to  the  level  of  a  long-term  median  [1-3]  as 
follows 

<  /  _JL. 

P(0<W5;<t)  =Jp (if yiT  =cje  (13) 

0  0 


Fig. 2.  An  advantage  in  signal  level  with  respect 
to  long-term  median 


The  calculation  results  are  shows  in  Fig.  2.  The  values 
AGj  end  AG2  present  an  advantage  in  sum  signal  level 
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obtained  automatically  with  respect  to  tlie  level  of  long¬ 
term  median,  that  is  distributed  according  to  Rayleigh 
law  for  quick  fading  in  TSC  systems  with  two-element 
RI,  ensuring  4-order  angle  diversity  in  azimuth  and  tilt 
planes  [1-3],  This  advantage  in  mentioned  time  obser¬ 
vation  slots  is  2.6  -  7.8  dB  for  quick  fading  [1-3].  Cal¬ 
culating  the  information  reliability  with  respect  to  the 
condition  (1)  it  has  been  taken  into  account  that  for 
every  of  the  receiving  diversity  channels  quick  fading 
are  described  by  Rayleign  distribution  law  for  envelopes 
of  sum  signals  being  received.  In  this  case  condition  (1) 
is  true  for  calculated  data  shown  in  Table  1. 


Table  1 

Evaluation  of  informational  reliability 
for  TSC  systems  with  two-element  RI 


Jfo 

TSC  system  type 

TSC  systems 
without  RI 

r<Yaini 

TSC  systems 
with  RI 
r<Y^u 

1 

AN/TRC-66 

8.63<5.12 

9.82<11.7 

2 

AN/TRC-66A 

16.45<20.85 

17.60<30.4 

3 

AN/TRC-80 

7.04<6.05 

8.13<10.4 

4 

AN/TRC-90 

18.3<15 

19.5<21.9 

5 

AN/TRC-90A 

12.85<I0,70 

14.0<15.0 

6 

AN/TRC-90B 

20.18<17.98 

2I.3<26.8 

7 

AN/TRC-97 

3.77<7.83 

1I.5<16.7 

8 

H-3112/N-3122 

21.52<20.9 

23.5<27.5 

9 

FM  1970 

21.59<21.9 

21.6<21.9 
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CONCLUSION 

The  formalization  of  correlation  between  fading  margin 
(quick  fadings)  and  antennas  gain  loss  in  TSC  systems 
has  been  based  on  the  correspondence  of  receiving 
mode  with  definite  channel  number  to  signal  receiving 
for  RI  with  multibeam  RP  whose  antennas  and  A  2 
have  an  integral  directivities  each  greater  then  RP  of 
separate  antennas  Aj  and  A2  due  to  directivity  increase 
of  RIRP  lobes. 
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FEATURES  OF  RADIATION  FIELD  FORMATION 
OF  MULTIBEAM  REFLECTOR  ANTENNA 
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Streletskaya  bukhta,  Sevastopol-53,  335053,  Ukraine 
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INTRODUCTION 

Development  of  communication  and  broadcasting  sat¬ 
ellite  systems  all  over  the  world  is  a  spesific  character¬ 
istics  of  the  last  decade.  It  resulted  in  appearance  of 
system  w'ith  multiple  application  of  frequencies  and 
systems  with  channels  separation  on  the  basis  of  spatial 
seleetion.  So,  for  example,  receiving  satellite  television 
broadcasting  there  arc  tw'o  interesting  practical  situa¬ 
tions  such  as: 

•  Receiving  of  TV  broadcasting  signals  from  two  or 
more  satellites  on  one  multibeam  antenna  (the  an¬ 
gular  separation  of  radiation  pattern  (RP)  maxima 
is  usually  insignificant).  The  solution  of  such  a 
problem  is  possible  w'ith  the  use  of  a  reflector  para¬ 
bolic  antenna  w'ilh  offset  feeds  displaced  in  relation 
to  the  focal  point. 

•  Receiving  of  TV  broadcasting  signals  from  one 
satellite,  but  in  two  various  ranges,  for  example 
Ku-range  (10.7...  12.7  GHz)  and  C-range  (3.6... 
4.2  GHz).  In  this  case  a  reflector  parabolic  antenna 
is  widely  used.  Iii  the  focal  area  of  such  an  antenna 
there  are  two  independent  feeds  for  operation  in 
two  various  ranges.  These  feeds  are  offset  ones  in 
relation  to  the  real  focal  point  of  the  antenna. 

The  development  of  such  antennas  and  the  investiga¬ 
tion  of  their  radiation  features  represent  rather  urgent 
problem.  This  paper  is  devoted  to  the  problem  solution. 

BASIC  PART 

The  analysis  of  multi-beam  reflector  antennas  in  the 
first  approximation  can  be  carried  out,  considering 
radiation  features  of  separate  reflector  antennas  with 
the  appropriate  arrangement  of  feeds  in  relation  to  the 
reflector  focal  point.  But  for  this  purpose  it  is  necessary 
to  realize  a  mathematical  model  of  the  antenna  taking 
into  consideration  possible  offsets  of  the  feed  w'ith  re¬ 
spect  to  the  focal  point. 

Improvement  of  reflector  antennas  engineering  pro¬ 
motes  the  favours  development  of  analysis  methods  of 
such  systems.  Today  there  are  many  methods  for  cal¬ 
culation  of  reflector  antennas.  Among  them  we  can 
highlight  the  surface  currents  method  (SCM)  (or  the 
current  method).  It  is  used  jointly  with  an  approxima¬ 
tion  of  physical  optics,  according  to  which  the  currents 


on  "  illuminated"  part  of  the  reflector  surface  are  cal¬ 
culated  by  the  following  expression 

=  2  [/Tq,//], 

w'here  «o  the  normal  unit  vector  to  the  reflector 

surface;  H  is  the  magnetic  component  vector  of  the 
feed  field  near  the  reflector  surface. 

According  to  SCM  electrical  components  of  the  field  in 
the  far-field  zone  are  detennined  by  the  expression 

E  =  —  f ,  (1) 

47rr  J 

where  ro  is  the  circular  frequency  of  electromagnetic 
oscillations;  p.  is  the  magnetic  permeability  of  a  me¬ 
dium;  k  =  271/2,  is  the  wave  number;  A,  is  the  wave 
length;  r  is  the  length  of  the  radius-vector  of  the  obser¬ 
vation  point;  ij)  is  the  unit  vector  of  the  observation 
point;  is  the  radius-vector  of  the  reflector  surface 
point;  S  is  the  reflector  surface. 

Taking  into  account  a  lot  of  characteristic  properties  of 
multibeam  reflector  antennas,  SCM  is  more  suitable  for 
calculation  of  such  antennas. 

Note,  that  the  solution  of  the  problem  is  complicated  by 
the  following  conditions: 

•  in  calculation  it  is  necessary  to  use  several  coordi¬ 
nate  systems  (a  system  connected  with  the  reflector 
axes,  a  system  connected  with  the  feed,  a  system  of 
the  observation  point); 

•  the  integration  (1)  generally  should  be  carried  out 
in  nonsymmetric  limits  (i.e.  the  equation  of  tlie  re¬ 
flector  edge  is  to  be  determined). 

However,  from  the  author's  point  of  view  the  system 
connected  with  the  reflector  axes  is  more  convenient  for 
the  integration  (1),  owing  to  that  in  this  case  it  is  not 
required  to  recalculate  the  reflector  surface  element, 
only  the  reflector  and  the  normal  vector  features  are  to 
be  recalculated.  The  integration  is  carried  out  within 
constant  limits. 

The  geometry  of  the  described  problem  is  shown  in 
Fig.  1,  where:  A]  is  the  value  of  orthogonal  offset  of  the 
feed;  A2  is  the  one  of  axial  offset.  Thus,  the  surface 
point  of  the  reflector  is  described  by  the  coordinates  (0; 
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cp;  p)  in  the  axial  system  and  (6*;  cp*;  p*)  in  the  system 
of  the  feed.  Therefore,  it  is  required  to  establish  corre¬ 
lation  of  these  systems  (see  Fig.  2). 


Fig.  2.  On  calculation  of  coordinates  correlation 


According  to  Fig.  2  one  can  detennine  coordinates  of 
an  arbitrary  point  of  the  reflector  surface  for  the  feed 
system  as  follows 


p*  =-^(jpcos9- A2)^  +(psin0)^  +A^  -2Ajpsin0sin(p  ; 

p  COS0- A2 


0  =arccos- 


(p  =arccos 


p  sin  9  coscp 


•y/(psin0)^  +Ai  -2Aipsin0sincp 


where  p  =  2f!{l  +  cos0);  /  is  the  focal  distance  of  the 
parabolic  reflector. 

While  calculating  tire  distribution  of  the  surface  current 
density  it  is  necessary  to  determine  the  magnetic  com¬ 
ponent  vector  of  the  field  created  by  the  feed  near  the 
reflector  surface.  For  this  we  need  to  know  polarization 
characteristics  of  the  feed. 

For  a  horn  antenna  feed  the  polarization  characteristic 
is  assumed  equivalent  to  Huygens's  element.  Then,  for 
field  polarization  along  the  X  in  the  accepted  systems 
(see  Fig.  1),  it  is  possible  to  note  an  expression  for  the 
feed  field  in  the  far-field  zone 

E  =  E()e~^^^  ,(p  )^cos0*coscp* -(psin(p*),(3) 


where  Eq  is  the  maximum  value  of  the  field  density 
created  by  the  feed  in  the  far-field  zone  at  the  distance 
p*;  F(0’;9*)  is  the  normalized  amplitude  of  tlie  feed 
pattern. 

In  this  paper  the  case  of  the  antenna  feed  as  an  uniform 
round  platform  is  considered.  The  feed  patteni  is  cal¬ 
culated  on  the  basis  of  Kirchhoff  s  formula  with  ac¬ 
count  of  reflectivity  from  aperture.  [1].  In  a  first  ap¬ 
proximation  such  a  technique  allows  to  consider  a  wide 
class  of  aperture  feeds  with  a  round  aperture  (a  conic 
horn,  an  open-ended  circular  waveguide). 

According  to  [2],  the  value  Eo  is  determined  as  follows 

Eq  =— Dq  , 

P 


where  Pr,  is  the  entire  power  of  the  feed;  Do  is  the  di¬ 
rectivity  factor  of  the  feed. 

For  the  described  feed  the  distribution  of  surface  cur¬ 
rents  is  determined  by  tlie  ex-pressions: 


Jx,y,z  =  ^^-exp(- y^p* )F(e* , ^*)fx,y,z  \ 


0  .  *  0  « 

=  sin  —  sin  9  sin  0’sin  cp*+  cos  —  cos  0*; 

0 

fy  =  -sin  —  cos  cp  sin  9*sin  cp*; 


^  .  0  Q* 

ji  =  -sin  —  cos  cp  cos  0 
2 


(4) 


From  (1),  (2)  the  analytical  expression  for  radiation 
field  of  reflector  is  obtained: 


Ix,y,z=^(>^PzDoRn'^f  \  J 


F(0  ,9  ) 


'fx,y,z 


0  0 


xexp  {/Arp’^i 


in9  sin0  cosi 


(q>*-(p’)- 


COS0  COS0 


.  0 
sin— 

. 2....^ 

40 
COS  — 

2 

''-lfiBc/9, 


where  0o  is  the  coordinate  of  tlie  reflector  edge  in  the 
axial  coordinate  system. 

The  presented  model  enables  to  determine  radiation 
characteristics  of  reflector  antennas  in  an  arbitrary 
point  of  space,  but  usually  the  pattern  section  in  the 
offset  plane  of  the  feed  is  of  the  most  interest  because 
this  section  is  characterized  by  more  significant  values 
of  RP  distortions. 


On  the  basis  of  the  presented  procedure  the  special 
program  wiOi  calculation  of  radiation  features  was 
created  in  the  Visual  Fortran  5.0  language. 

In  the  paper  as  an  example  the  reflector  antenna  is 
represented  wich  the  following  values  of  parameters. 
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describing  the  geomctiy  of  the  system:  F  =  0.495  in;  "k 
=  0.0265  in;  the  apertnre  diameter  D.^  =  1.09  m.  The 
results  are  given  for  tlic  case  of  the  orthogonal  offset 
(modification  Ai)  and  for  the  axial  offset  of  tlie  feed 
(modification  A2). 

CONCLUSION 

From  author's  point  of  view  the  presented  technique  of 
the  radiation  features  analysis  of  reflector  antennas  can 
be  used  at  the  development  and  the  research  of  multi- 
beam  reflector  parabolic  antennas,  including  reflector 
antennas  with  small  offset  of  tlie  pattern  maxima  and 
reflector  antennas  intended  for  operation  in  various 
ranges. 


REFERENCES 

1.  Microwave  antennas  and  devices.  Calculation  and 
projection  of  antenna  arrays  and  their  radiating 
elements  /  Edited  by.  D.I.VoskresenkiJ.  -Moscow; 
Sov.  radio,  1972.  -320  p. 

2.  Ajzenberg  G.Z.,  lampolskij  V.G.,  Tereshin  O.N. 
UHF  Antennas  -  Moscow:  Svyaz,  1977.  -672  p. 


Proceedings  of  the  3rd  International  Conference  on  Antenna  Theory  and  Techniques,  Sevastopil,  Ukraine,  8-11  Sept.  1999 


201 


EARTH  STATION  ANTENNA  POSTS, 
CREATED  BY  DESIGN  OFFICE  "PROMIN" 


V.  H,  Syrotj-uk,  V.  S,  Pynylo,  H.  P.  Khymych 

Temopil  State  Design  Office  “Promin” 

38,  Tekstylna  vul.,Teniopil, Ukraine 
Tel/fax  /03  52/22-75-03 


In  the  process  of  development  of  mobile  telecommuni¬ 
cation  systems  a  specific  aggregate,  namely,  an  antenna 
post,  has  been  constructed.  The  antenna  post  comprises 
feed,  receive-transmitt,  control,  life  supporting,  guid¬ 
ance  and  energ)'  supply  subsystems.Depending  on  pur¬ 
pose  tasks  the  number  of  subsystems  is  changed. 

Temopil  State  Design  Office  "Promin"  in  cooperation 
with  the  Laboratory  of  Antennas  and  Telecommunica¬ 
tions  of  the  National  Technical  University  of  Ukraine 
“KPI”  have  created  and  tested  antenna  posts  for  earth 
stations  of  different  types  in  C-  and  Ku-  band. 

The  design  is  based  on  a  modified  dual  reflector 
Cassegrain  antenna.  To  meet  the  INTEL- 
SAT/EUTELSAT  requirements  concerning  with  radia¬ 
tion  patterns  at  a  principal  and  cross  polarization  the 
synthesis  of  amplitude  and  phase  field  distribution  at 
aperture  of  tlie  main  reflector  has  been  realized. 

At  present  the  following  projects  have  been  realized  by 
the  Design  Office  "Promin": 

1.  Antenna  posts  with  the  main  reflector  of  diameter 
12  m  and  7  m  for  central  earth  stations  of  satellite  tele¬ 
communication  systems. 

2.  Anteima  posts  with  the  main  mirror  diameter  5  m 
and  3.66  m  for  operation  in  regional  receive  and 
transmit  earth  stations. 

3.  Offset  antenna  posts  with  reflectors  of  equivalent 
diameter  2.4  m  and  1.8  m  for  operation  in  regional  and 
customer  earth  stations  or  points  of  the  satellite  tele¬ 
communications.  This  class  of  antennas  is  developed  in 
a  single  and  dual  reflector  variants. 

4.  Guidance  systems,  tracking  and  control  systems  are 
realized  on  the  modern  element  basis  with  a  computer 
information  processing  including  self-diagnosis  of 
executive  mechanisms  and  a  whole  system. 

Concerning  an  antenna  system  with  reflector  diameter 
equivalent  to  2.4m,  it  should  be  noted  that  the  antenna 
was  designed  and  developed  by  the  dual  reflector  Greg¬ 
ory  type  scheme,  as  well.  This  antenna  type  allows  to 
decrease  cross-polarization  radiation  level  to  -35  dB 
(single  reflector  antenna  only  to  -28  dB).  Radiation 
pattern  of  such  antenna  ensures  the  required  INTEL- 
SAT/EUTELSAT  standards.  Field  distribution  at  the 
reflector  aperture  is  asymmetric,  thus  to  reduce  cross¬ 
polarization  component,  created  by  the  asymmetric 


main  reflector  and  sub-reflector,  the  known  condition 
was  used. 

As  can  be  seen  in  Fig.  1  in  order  to  to  reduce  the  offset 
angle  Qd  of  tlie  main  reflector  one  can  increase  the 
aperture  angle  2Q3m. 


Unlike  Cassegrain  scheme,  the  Gregorian  scheme  has 
sub-reflector  with  real  focus  and  gives  the  following 
advantages: 

•  one  can  increase  the  sub-reflector  size,  that  will 
cause  reduction  of  spill  over  the  edges  of  the  main 
reflector  and  sub-reflector, 

•  ability  to  correct  phase  center  shift  of  primaiy  feed 
in  regard  to  frequency  and  provide  a  large  operat¬ 
ing  bandwidtli. 

The  primaiy  feed  is  a  corrugated  feed  tliat  provides  in  a 
wide  frequency  range  a  s>'mmetric  radiation  pattern 
with  low  side  lobe  level,  low  cross-polar  radiation  level 
(less  than  minus  40  dB)  and  absence  of  phase  center 
astigmatism. 

According  to  the  design  a  primary  feed  is  movable  on 
the  main  bar  relative  to  the  sub-reflector.  The  sub¬ 
reflector  is  a  synthesized  quasiellipsoid,  which  is  mov¬ 
able  relative  to  the  main  reflector  and  the  primary  feed. 
The  main  reflector  is  made  of  four  steel  panels,  pro¬ 
viding  antenna  installation  on  high  buildings  without 
any  lifting  mechanisms  usage.  An  independent  hanging 
fastening  sj'stem  of  the  pow'cr  bar  with  the  secondary 
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Table  1 


Perfonnance  specifications 

Antenna  diameter 

Tabl 

- - - , 

e  1 

Electrical 

1.8  m 

2.4  m 

3.6  m 

5.0  m 

Frequency',  3.625-4.225GHz 

yes 

yes 

yes 

yes 

5  925-6  425  GHz 

yes 

yes 

yes 

yes 

8  0  -  8.4  GHz 

yes 

yes 

10.7  -  12.75  GHz 

yes 

Yes 

yes 

yes 

yes 

yes 

14.0-14.5  GHz 

Yes 

Yes 

yes _ 

yes 

yes 

12.75-13.5  GHz 

yes 

17  3-18.1  GHz 

mmm 

yes 

17.3-21.3  GHz 

yes 

yes 

29.0-30.0  GHz 

yes 

Midband  Gain  ( +  0.2  dB) 

3  625-4.225  GHz 

43.8  dBi 

46,8  dBi 

51.3  dBi 

5.925-6.425  GHz 

mmm 

48.0  dBi 

51.2  dBi 

53.6  dBi 

8.0  -  8.4  GHz 

50.8  dBi 

53.9  dBi 

10.7-12.75  GHz 

44.8  dBi 

47.5  dBi 

53.1  dBi 

56.5  dBi 

60.9  dBi 

14  0-14.5  GHz 

47.2  dBi 

49.7  dBi 

53.1  dBi 

55.5  dBi 

58.9  dBi 

62.8  dBi 

12.75-13.5  GHz 

52.2  dBi 

54.9  dBi 

57.9  dBi 

17.3  -  18.1  GHz 

55.1  dBi 

57.8  dBi 

60.3  dBi 

17  3-21.3  GHz 

55.4  dBi 

58.0  dBi 

29.0  -  30.0  GHz 

59.3  dBi 

— 

Antenna  noise  tcmperalurc 

10  elevation,  K  (receive) 

<50 

<50 

<70 

<70 

VSWR 

1.3  :  1  Max. 

Cross-  Polarization 

-35  dB 

-35  dB 

-35dB 

-35  dB 

Side  lobe  Envelope  ,  Co-Pol _ 

1°  <  0  <  20” 

29  -  25  Log  ©  dBi 

20”  <  ©  <  26.6” 

-3.5  dBi 

- - - - - — - - - -i 

26.6”  <  ©  <  48” 

32  -  25  Log  ©  dBi 

©>48” 

-  10  dBi 

Polarization 

Orthogonal  linear,  orthogonal  circular 

Antenna  Optics 

Offset 

Offset 

Mechanical 

Mount  type 

Elevation  over  azimuth 

Reflector  material 

Steel 

Steel 

Aluminium 

Elevation  range 

+5. ..+45 

+5.. .+45 

0...45 

0...90 

Elevation  tracking 

+/- 14 

Azimuth  range 

+/-  70 

+/-  70 

+/-  170 

+/-  70 

+/-  105 

Azimuth  tracking 

+/-  10 

+/-  10 

+/-  15 

+/-  15 

Weight  of  antenna,  kg 

150 

220 

450 

1500 

11930 

22000 

Antenna  type 

prime  focus,  Gregory 

1  Dual  -reflector  shaped  Cassegrain 

Control 

Elevation  and  azimuth  jacks  Remote  control  unit . 

Step-track  sen 

/o  system 

Environmental  perfonnance 

Wind  loading  operational 

108  km/h 

108  km/h 

108km  / 

108  km/h 

90  km/h 

90  km/h 

Survival 

180  kin/h 

Temperature 

-50”  C  ...  +55”  C 

antenna  system  is  realized  (Fig.  2).  This  design  ap¬ 
proach  allows  removal  of  the  load  and  deformation  of 
the  main  reflector. 


Main  technical  specifications  of  the  antenna  posts  are 
presented  in  the  Table  1.  There  is  infonnation  about 
Ka-band  antenna  system  in  the  Table  1,  as  well.  It 
should  be  noted,  that  making  tl\e  antenna  posts  for 
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operation  in  this  perspective  frequency  band  is  con¬ 
nected  with  some  difficulties  in  fabrication  of  main 
reflectors,  providing  accuracy  of  their  reproduction  and 
adjustment.  In  Ku-band  the  RMS  deviation  of  the  main 
reflector  profile  0.25-0.3  mm  from  theoretical  is  ac¬ 
ceptable,  while  in  Ka-band  RMS  0.15  mm  is  required. 
This  requirement  puts  fonvard  corresponding  require¬ 
ments  on  reflector  design,  technologies  of  its  produc¬ 
tion.  At  present  the  Design  Office  "Promin"  has 


developed  a  documentation  and  directive  technology  for 
the  antenna  system  with  the  main  reflector  diameter 
3.66  m  for  operation  in  Ka-band.  Besides  a  corre¬ 
sponding  technological  equipment  providing  necessary 
accuracy  for  the  main  reflector  production  has  been 
fabricated.  Also,  tlie  works  on  tlie  production  of  the 
antenna  system  itself  have  been  started. 
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UNDERGROUND  PHASED  ANTENNA  ARRAYS  AS  ALTERNATIVE 
TO  MAST  AERIALS  OF  RECEIVING  RADIO 


S.  M.  Alekseev,  A.  V.  Makaseev,  A.  G.  Poshkov,  B.  V.  Sosunov,  N.  G.  Fitenko 

St.  Petersburg  department  of  state  communication  inspection  military  telecommunication  university 

194064,  St.  Petersburg,  Tikhoretsky  prospekt,  3, 

tel.  556-93-95,  fax.  325-80-39,  E-mail:  sosunov@dom.spb.ru 


Signal  and  noise  power  ratio  at  the  receiver  input  is 
defined  by  known  expression: 


77 


K■^f 


471 


T,+T, 


O' 


V 


+  T, 


np 


<=  ) 


,(1) 


antenna-feeder  arrangement  (AFA),  for  which,  as  the 
7,  it  follows  from  expression  (1): 


(  p  ^ 

^  c 

[  77X^75 

yPui  J 

When  designing  a  real  antenna,  allowable  value  of 
signal/noise  ratio  deterioration  should  be  given  at  the 
expense  of  a  mismatch  and  losses  in  AFA: 


where  k  =  l,38-10'^^W/(Hz-K°)  --  a  Boltzmann  con¬ 
stant;  A/  —  a  frequency  band;  77  —  a  Pointing  vector 

value  of  an  incident  wave;  X.  —  a  wavelength;  F^(0,(p) 

—  a  normalized  antenna  pattern  by  power  in  the  direc¬ 

tion  of  the  wave  arrival  with  angles  of  azimuth  <p  and 
elevation  6;  —  a  polarizing  transfer  coefficient  by 

power;  —  coefficient  of  antenna  and  load  matching 
by  resistance;  r|a  —  antenna  and  feeder  efficiency;  D 

—  directivity;  7’«  -  a  temperature  of  external  sources  of 
noise;  T„p  -  a  noise  temperature  of  the  receiver;  To  = 
293°  —  a  standard  temperature. 

The  requirements  on  the  maximal  coverage  scope  of 
frequency  bands  and  receiving  angles  lead  to  the  neces¬ 
sity  to  use  a  set  of  antenna  types  with  various  standard 
sizes  occupying  (taking  into  account  existing  norms) 
antenna  fields  of  a  significant  area  (up  to  10  hectares 
and  more). 

The  possibility  of  creation  of  antennas  meeting  the 
stated  requirements  with  small  sizes  is  based  on  use  of 
new  technical  designs.  They  are  characteristic  for  a 
class  of  underground  antennas  (UA)  which  have  found 
application  in  a  number  of  special  areas  of  radio  com¬ 
munication. 

It  is  of  fundamental  importance  in  comparison  with 
usual  upsurface  antenna  that  UA  reacts  both  on  hori¬ 
zontally  polarization  wave  and  on  the  field  with  a  verti¬ 
cal  polarization.  Thus,  it  appears  to  be  a  universal  an¬ 
tenna  for  receiving  waves  with  an  arbitrary 
polarization. 

The  disadvantage  of  UA  is  their  smaller  efficiency  that 
is  caused  by  a  set  of  factors  connected  with  the  features 
of  operation  under  a  layer  of  Uie  ground. 

A  minimal  allowable  efficiency  of  the  receiving  an¬ 
tenna-feeder  path  may  be  defined  if  the  required  sig¬ 
nal/noise  ratio  is  referred  to  one  provided  by  an  ideal 


a  = 


Pc  IPm 

{Pc'PuX 


(3) 


The  value  of  coefficient  «  stipulates  tlie  requirement  to 
a  minimally  allowable  efficiency  of  the  receiving  an¬ 
tenna,  obtained  from  the  formulas  (1-3): 

a(7o  +r„p  /^) 

~  aTp,+T„p{\~a)+T„p 

For  smaller  efficiency  tlie  signal/noise  ratio  at  the  re¬ 
ceiver  input  will  be  worsened. 

Let  us  consider  the  dependence  of  receiving  antenna 
efficiency  on  a  relative  level  of  external  noise  = 
T/To)  at  different  a  values  calculated  using  expression 
(4).  The  solid  curves  correspond  to  a  receiver  with  a 
high  sensitivity  {T„p  =  6To),  dash  curves  -  to  a  receiver 
with  a  small  one  {T„p  =  60To).  A  dash-dot  curve  illus¬ 
trates  the  influence  of  the  lowered  antenna  matching 
with  a  receiver  raising  requirement  to  efficiency. 


The  plot  allows  to  detennine  allowable  values  of  re¬ 
ceiving  antenna  efficiency  in  various  interference 
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situations  when  the  parameters  a  are  given.  The  verti¬ 
cal  lines  set  aside  the  areas  of  typical  /„  values  in  a  HF 
band  for  day  and  night  conditions.  For  example,  for  a 
=  -3  dB  at  daytime  the  efficienc}'  should  be  not  less  that 
-17  dB. 

The  developed  UA  represents  two  orthogonal  vibrators. 
Its  wide  band  and  lowered  losses  are  provided  by  the 
arrangement  of  arms  from  several  conductors  radiating 
outwards  like  a  fan  at  the  angle  of  60°,  tlie  external 
ends  of  the  conductors  being  connected  by  the  ring 
shunt. 


2 


The  phased  array  "Panorama",  satisfying  the  listed 
requirements,  is  created.  The  platform  required  for 
accommodation  of  "Panorama"  is  less  900m^,  so  sig¬ 
nificant  economy  of  ground  resources  is  created  in  such 
a  way.  There  is  no  need  in  serv'ice  during  a  guarantied 
(15-20  years)  service  life. 


Provision  of  UA  electronic  control  with  a  high  effi¬ 
ciency  are  achieved  by  application  of  phased  antenna 
arrays  on  the  basis  of  the  described  element. 


Proceedings  of  the  3rd  International  Conference  on  Antenna  Theory  and  Techniques,  Sevastopil,  Ukraine,  8-11  Sept.  1999 


206 


THE  ANALYTICAL  APPROACH  TO  THE  COMPUTING  OF  RESONANCE 
EFFECTS  FOR  THE  DIFFRACTION  AT  WELL  REFLECTING  GRATINGS 

N.  A.  Balakhonova,  A.  V.  Kats,  I.  S.  Spevak 

KJiarkiv  Military  Universit}’, 

e-mail;  jenya<pinvest@  mailbox, Kharkov.ua> 

P.O.  Box  8847,  310002  Kharkiv,  Ukraine.  Tel:  +380  572  43-27-90  (home),  40-28-73  (office) 


The  electromagnetic  radiation  scattering  by  diffraction 
grating  possesses  many  peculiarities  under  condition  of 

resonance  diffraction  -t-wgj  ,  where  g  is  the 

grating  wavevector,  k,  is  tangential  wavevector's  com¬ 
ponent  of  the  incident  wave,  m  is  integer.  E.g.,  these 
are  great  increase  of  the  resonance  spectra  amplitude, 
transformation  of  polarization,  suppression  of  specular 
reflection.  These  phenomena  have  the  same  nature  as 
well-known  Wood  anomalies,  and  they  are  caused  by 
resonance  of  the  grazing  spectra  and  eigenmode  of  a 
highly  conductive  surface  —  the  surface  electromag¬ 
netic  wave  (SEW).  Many  works  in  recent  years  have 
been  devoted  to  experimental  and  theoretical  investiga¬ 
tions  of  resonance  diffraction  (see,  e.g.,  [1-3]).  In  order 
to  explain  strong  resonance  effects  complicated  nu¬ 
merical  calculations  are  used  [4,  5|.  The  essential  sim¬ 
plification  is  made  in  this  paper.  It  is  based  on  modified 
perturbation  theor>'  (see  [6,  7]). 

GENERAL  DESIGNATION 

Let  a  plane  electromagnetic  wave 

E{r,z,t)  ==  £exp[i(*,r  +  Ar^z-aff)] ,  (1) 

be  incident  upon  the  surface  z  -  C(r ) ,  where 

00 

C(F)=  ^^,„[exp(iw|F)],  F  =  (x,y),  the  axis  z  is 

W=-00 

directed  inside  the  material.  The  dielectric  constant 
|e|»l  and  the  surface  impedance  ^  =  l/\^  =  ^'  +  /§'' 

( ^'  >  0  ,  <  0  )  modulus  is  very  small  for  the  liighly 

conducting  surfaces.  Total  field  E  above  the  surface 
z  =  C  may  be  represented  as  a  sum  of  the  incident 

E(r,z,t)  and  diffracted  waves. 

E^  (r ,  z,  0  =  E,„  exp[i(4,?  +  k^,z  -  or)] .  (2) 

Here  k^^  =  kj  +mg ,  k,,,,  =  -^k^  -k}„,  ,  k-alc, 

Re(it^2),  lm(/t^^)<0  due  to  the  radiation  conditions; 
index  w  =  0  corresponds  to  the  mirror  reflected  wave, 
^Oz  ~  ■ 

Each  of  the  waves  can  be  represented  as  a  sum  of  line¬ 
arly  polarized  components:  E„  =  XW-Here 

c=+ 


is  polarization  ort  in  the  n  -th  wave  propagation  plane 
(e^,k„)  and  e~  is  the  one  perpendicular  to  it.  The 
polarization  amplitudes  are  linear  functions  of  the  inci¬ 
dence  wave  polarization  components: 
E^  =  '^R^^'e^'  .  From  the  impedance  boundaiy 
cr'=i 

conditions  on  tlie  surface  z  =  C  ^nd  Maxwell  equations 
one  obtains  infinite  set  of  linear  equations  for  the 
transformation  coefficients  R^^ 

=  ±2 .  (3) 

w,c' 

The  matrix  elements  and  right-hand  side  coeffi¬ 
cients  are  expressed  as  grating  depth  power  se¬ 
ries.  If  resonance  doesn't  occur  exqiansion  of  diagonal 
(both  in  the  diffraction  order  numbers  and  polarization 
indices)  elements  of  the  matrix  starts  from  the  value  of 

the  order  of  unity:  D~~  =  =  l+P„^o  • 

Non-diagonal  ones  are  linear  in  ^ , 

Here  the  p„  =-A:„z/-fe  are  propagation 
constants,  Re(P„)>0,  Im(P„)>0.  The  resonance 
appears  when  for  one  of  the  diffracted  waves,  e.g.  the 
r-th  one,  |L>“  HPr I«1  •  If  resonance  doesn't 
occur,  all  non-diagonal  elements  of  the  matrix  are 
small  in  comparison  with  diagonal  ones.  Thus  the  sys¬ 
tem  solution  can  be  represented  as  power  series  of 
grating  depth.  In  resonance  occurrence  the  series  begin 
to  diverge  even  for  the  small  depth  value.  However,  if 
one  exploits  both  grating  depth  and  impedance  small¬ 
ness  the  solution  may  be  obtained  analytically  in  simple 
explicit  form  also  for  the  resonance  case  (see  [6,  7]). 

RESULTS 

Let  us  present  the  solution  for  the  resonance  diffraction, 
assuming  that  the  grating  is  a  harmonic  one 
(C(F)  =  ocos(gr) ,  a  =  2Ci=  2C_i ,  2a  is  grating  depth) 
and  resonance  occurs  in  the  first  order  diffracted  wave 
(/•  =  1 ).  In  tlte  plane  geometry  case  (the  plane  of  inci¬ 
dence  is  perpendicular  to  grating  grooves)  the  reso¬ 
nance  takes  place  if  incidencte  wave  has  non-vanishing 
p  component  (in  plane  geometry  the  SEW  is  excited  by 
p  -  polarization  wave).  The  transformation  coefficient 
are  of  the  form: 
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7?i  =-2/kh/Z),  Rq  =Ro-2(kh)^/(Z>Po) 

^  =  Pl  +  ^  +  (Po^+P2')•(’<^l)^ 


’  (4) 


where  k  =  g/i  ,  \i  =  kajl ,  Rq  =  (Po  -^)/(Po  +^o)' 


Fig.  1 


The  quantities  /i=|/?i  j  and  /o=|^o  j  are  pro¬ 
portional  to  the  waves  intensities.  They  are  fast  func¬ 
tions  of  the  propagation  constant  Pj .  Therefore,  other 
variables,  that  describe  diffraction  can  be  assumed  as 
constants.  Thus  the  /j  maximum  corresponds  to  tlie 

denominator  |d|  minimum  with  respect  to  Pj 


P'l=0.  Pi'  =  -r  +  (d,K)2|pp/p'2,  (5) 

where  a^=k^(/k  .  The  expression  (5)  represents  the 
resonance  condition  which  is  w'ritten  for  arbitrary  ori¬ 
ented  grating,  for  plane  geometry  (diic)  =  k  .  The  con¬ 
dition  (5)  is  close  to  the  transfonnation  coefficient 
branch  point:  Pj  =  0  and  6  =  Sq  ,  sinG/^  =  1-k  ,  corre¬ 
sponding  to  the  Rayleigh  anomaly  because  of  the  small 
values  of  the  grating  depth  and  impedance.  The  peak  of 
/j  on  the  resonance  curve  (5)  depend  nonmonoto- 
nously  on  the  grating  depth  and  reaches  it's  maximum 
value  for  a  =  =  2yf^  jg  . 

Sharp  increasing  of  /j  influences  nonresonance  spec¬ 
tra,  in  particular  the  mirror  reflected  wave.  If  resonance 
doesn't  occur,  reflection  coefficients  from  surface  with 
small  impedance  are  close  to  unity.  In  resonance  case 
the  total  suppression  of  specular  reflection  (TSSR)  may 
occur. 

The  condition  of  Jq  vanishing  is  equivalent  to  two  real 

equations.  One  of  them  coincides  with  (5)  and  the  other 
has  the  form 


^'-(Kp)2/Po=0.  (6) 


It  follows  from  tire  equation  (6)  that  the  TSSR  condi¬ 
tion  corresponds  to  the  same  grating  depth  a^p,  as  /j 

maximum.  For  other  values  of  a  the  mirror  reflection 
suppression  isn't  complete,  see  Fig.  1.  In  Fig.  1  the  7j 
and  Iq  dependences  on  the  angle  of  incidence 
©  =  G-0o  (Gq  -25°)  for  different  sinusoidal  gratings 
on  the  Ag  surface  are  presented.  Cases  a)  and  b)  corre¬ 
spond  to  X  =  10  pm,  ^  =  8.8-10‘''^-1.87-10~^-i, 
Uop.  =0.156  pm  (0  —  in  seconds  of  arc)  and 

?.  =  632.8  nm,  ^  =  5.54-10“^-0.25-/,  -23.5  nm 

(0  —  in  degrees).  The  cuives  1,  2,  3  correspond  to  the 
grating  depths  a„  ~0.5-n -a^pf  for  n=l, 2, 3  respec¬ 
tively.  The  grating  depth  increasing,  widths  of  the 
curs'es  Iq  and  increase.  In  the  point 

0  =  ©^  =-^’2/(2cos0o)  corresponding  to  tlie  Ray¬ 
leigh's  anomaly  the  curves  have  infinite  derivatives,  see 
Fig.  l,a).  The  Fig.  l,b)  corresponds  to  greater  value  of 
I  i  and  therefore  the  Rayleigh's  anomaly  point 
0/^  a  -2°  is  not  present  at  the  plot. 

In  general  geometry,  i.e.  for  arbitrary'  grating  orienta¬ 
tion,  the  variation  of  the  incident  radiation  wavelength 
(or  angle  of  incidence,  grating  depth  and  period)  leads 
not  only  to  the  fast  changes  in  speculary'  reflected  wave 
amplitude  but  to  tlie  fast  polarization  changes  as  well. 
The  transformation  coefficients  describing  the  specular 
reflected  wave  take  file  following  fonu: 

=  -l-i-2D''^PoK^|pf  sin^  (|), 

R+-  =£>"'K2|pPsin2<t), 

,  .  ,  „  (7) 

Rq  =1-2(PoZ))~^k^|p[  cos^tj), 

Z)  =  Pi+5  +  (5ik)2|p|2^ol+P2^) 

A 

where  ((>  =  k/g  denotes  the  angle  between  vector  g  and 
the  plane  of  incidence.  The  non-diagonal  coefficients 
R^  =-R^'^  describe  transformation  of  polarization 
from  p  -  to  s-  component  and  vice  versa.  We'll  ana¬ 
lyze  the  coefficient  91  =|R'’ol^  •  ^  is  the  function  of 
two  variables  namely  the  angle  of  incidence  0  and  the 
angle  (j) ,  i.e.  91  =  91(0, (j)) ,  Fig.  2*,  if  wavelength  and 
grating  parameters  (the  depth  a  and  period  d)  are 


’  Because  lack  of  the  space  the  calculation  of  the  reso¬ 
nance  conversion  are  presented  for  the  optical  range 
only.  This  allows  to  compare  the  calculations  with 
experimental  data  [2].  With  wavelengfii  increase  the 
results  do  not  change  qualitatively.  The  only  thing  that 
the  impedance  |^1  decrease  causes  is  the  resonance 
width  decrease. 
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fixed.  The  transformation  coefficient  has  maximum  at 
the  line  (5).  Excluding  the  angle  of  incidence  0  from 
31(0,  (())  with  the  help  of  the  approximate  resonance 
condition  (5)  pf  =  ,  one  obtains  the  maximum  val¬ 

ues  of  31  as  the  function  of  the  grating  orientation 
angle  p((t>)  =  Sl^^ax  >  F'g-  3: 

P(<}>)  =  lgr[^'  +  5|pfr^sin2  24),  (8) 


where 


[Ksin^  (})+X  cos({)]^ 


V” cos2(|)  +  2A'" cosij) 


X  =  +  4'.  K-'k/d. 


The  results  of  the  conversion  coefficient  computing  are 
presented  in  Figs.  2-4.  The  values  of  parameters  corre¬ 
spond  to  the  experiments  [2,  4].  In  the  experiments  the 
(f  range  was  0®  <  <[)  <  90° .  Note,  that  results  of  our 
calculations  are  in  excellent  accordance  with  experi¬ 
mental  data.  The  discrepancy  is  less  than  1%  without 
any  fitting  of  tlie  parameters.  Note  also  that  for 
0°^  (1)^90°  is  approximately  constant  and 

p  behaves  as  p  ~  sin^  2<j) .  The  effect  of  polarization 

conversion  may  be  obseived  in  the  range 
90°  <  (j)  <  1 10°  also  (the  upper  (|)  value  corresponds  to 

the  grazing  angle  of  incidence  and  depends  on 
K  =  k/d  value).  In  this  range  the  p  =  p((|))  differs  es¬ 
sentially  from  the  sin^  2(j)  dependence  due  to  changes 
in  5((t)) . 

The  monotonic  increase  of  p((|))  with  the  grating  depth 
increase  is  worth  noting.  The  increasing  is  limited  by 
saturation  for  ka  »  Eg . 


CONCLUSIONS 

The  method  presented  allows  to  compute  analytically 
tlie  transformation  coefficients  and  to  investigate 
the  strong  resonance  effects  caused  by  SEW  excitation 
on  highly  reflective  surface.  It  is  limited  by  small 
enough  values  of  grating  depth,  but  deals  with  arbitral 
profile  gratings.  The  results  obtained  are  in  good  ac¬ 
cordance  with  experimental  data  and  allows  to  explain 
all  patterns  observed.  The  method  allows  to  provide 
very  simple  calculations  of  various  effects  that  makes  it 
perspective  for  technical  applications.  Therefore,  it  is  of 
interest  for  the  designing  of  elements  for  receiving 
(transmitting)  systems  and  radiation  transformers  with 
special  properties,  in  particular,  with  to  the  wavelength, 
polarization  and  angle  of  incidence  selectivity. 
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INTRODUCTION 

Tikhonov's  method  is  applied  for  the  solution  of  image 
deconvolution  inverse  problem  in  two-dimensional 
case.  It  appeared  possible  to  improve  the  resolution 
beyond  the  aperture  limit.  The  case  of  many-beam 
synthetic  aperture  radiometers  (SAR)  measurements  is 
also  considered.  The  method  is  applied  to  improve  the 
resolution  of  radiobrightness  image  of  oil  spills  on 
lakes.  Data  have  been  obtained  from  helicopter-borne 
radiometer  measurements  of  thermal  radio  emission. 
The  problem  of  the  retrieval  of  true  radiobrightness 
distribution  by  two-dimensional  distribution  of  meas¬ 
ured  antenna  temperature  is  veiy  important  in  radio- 
asrtonomy  as  well  as  in  remote  sensing,  especially  in 
the  case  of  SAR  measurements.  The  antenna  tempera¬ 
ture  distribution  is  a  two-dimensional  convolution  of 
radiobrightness  distribution  and  antenna  pattern  as  a 
kernel  of  the  integral.  If  the  kernel  is  a  known  function, 
it  is  possible  to  formulate  the  deconvolution  inverse 
problem  to  retrieve  the  true  radiobrightness  image  by 
measured  antenna  temperature  distribution. 


where  is  the  antenna  pattern  (kernel),  1°  is 

measured  anterma  temperature,  and  Ti,(s,t)  is  the 

radiobrightness  to  be  found.  The  measure  5  of  the  error 
of  measured  antenna  temperature  (measurement  errors) 
and  measure  h  of  the  kernel  error  satisfy  to 


<5, 


(2) 


where  corresponds  to  the  exact  solution.  According 
to  generalized  discrepancy  method,  the  approximate 

solution  of  equation  (1)  minimizes  the  generalized 
discrepancy  functional 


^JTb]  = 


(3) 


at  tlie  condition 


The  deconvolution  inverse  problem  consists  of  the 
solution  of  Fredholm  integral  equation  of  the  1-st  kind, 
and  it  is  well  known  that  tliis  problem  is  ill-posed.  To 
solve  such  a  problem  it  is  necessary  to  use  additional  (a 
priori)  information  about  the  exact  solution.  Tlris  in¬ 
formation  determines  a  regularization  method.  There 
are  various  approaches:  statistical  (maximum  entropy) 
[1],  iterative  [2],  singular  sj'stems  analysis  [3].  In  the 
present  paper  Tikhonov's  method  of  generalized  dis¬ 
crepancy  is  applied,  which  uses  the  common  informa¬ 
tion  about  the  exact  solution  as  a  function  [4].  It  is 
supposed  that  the  exact  solution  belongs  to  the  set  of 
square-integrable  functions  with  square-integrable 
derivatives.  The  results  of  numerical  simulation  give  us 
the  retrieval  accuracy  at  various  levels  of  the  refraction 
error. 

PROBLEM  FORMULATION 

The  relationship  between  antenna  temperature  and 
radiobrightness  distribution  can  be  written  as 

Kh7’b  = 


The  use  of  Fourier  transform  permits  to  obtain  the 
exact  solution  of  the  convolution-type  equations  in  the 
fonn: 


T^{s,t)  =  - 


4 

-00  -  00  L(co,Q)  +  a[\  +  (w^  +  Q^p-] 


(4) 


where 


Kl{cD,n)=  K^i-cii-Q.), 

Z(©,n)=  |^;^(ffl,a)p, 

+00  +00  . 

J  I  TP(x.y)c^^^-’^ydxdy ,  (5) 

—  00—00 


+00  +00  ■  -n 

J  I  K^/u,w)De‘^^  ‘^^'^'dudw.  (6) 

—  CO  — 00 


J  J  Kj'x-s,y~t)  Tjs.l)dsdl  =  P,(xy),  (i) 


The  main  preference  of  Tikhonov's  method  consists  of 
the  uniform  convergence  of  the  retrieval  error  to  zero  at 
mean  square  convergence  of  measurement  errors.  The 
closed  form  of  the  exact  solution  (4)  and  tlie  possibility 
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to  use  Fast  Fourier  Transfonn  (FFT)  codes  permits  to 
make  very  efficient  algorithm.  Its  accuracy  has  been 
investigated  in  numerical  simulations.  It  appeared 
possible  to  retrieve  images  beyond  the  aperture  resolu¬ 
tion  limit. 

RESULTS  OF  NUMERICAL  SIMULATIONS 

The  most  interesting  results  have  been  obtained  in  the 
case  of  image  retrieval  by  multi-beam  SAR  data.  For 
more  compact  presentation,  an  example  was  selected, 
in  which  two-beam  antenna  pattern  Kf,(w,W)  coincides 
with  two-modal  initial  radiobrightness  distribution 
Ti,(s,t) .  (see,  in  Fig.  1).  In  the  Fig.  2  the  eorrespond- 
ing  distribution  of  antenna  temperature  distribution 
(observed  image)  T^ix,y)  from  (1)  is  given.  It  is  possible 
to  see  that  the  two  maxima  of  true  distribution  are 
indistinguishable  in  observed  image  T^. 


Fig.  1.  Antenna  pattern  and  initial  radiobrightness 
distribution,  in  conventional  units 


The  approximate  solution  (4)  is  shown  in  Fig. 3, 4  at  two 
different  values  of  simulated  measurement  error  5  (with 
respect  to  Ta,  in  integral  Z-o  -  space).  The  Tikhonov's 
method  of  image  retrieval  pennits  to  distinguish  two- 
modal  structure  of  initial  distribution  even  at  compara¬ 
tively  low  measurement  accuracy. 

There  is  an  opinion  that  it  is  impossible  to  resolve  two 
point  sources  if  they  are  inside  diffraction  resolution 
limit  because  tlie  spectra  of  real  antennas  are  bounded 
and  it  is  impossible  to  resolve  frequencies  beyond 
maximum  frequency.  But  one  has  no  periodic  structure 
in  the  case,  for  example,  of  two  point  sources,  and  it  is 
possible  to  use  known  information  about  the  exact  so¬ 
lution  including  its  specific  character  at  high  frequen¬ 
cies. 


Fig.  2.  The  corresponding  observed  image 


Fig.  3.  Retrieved  image  at  error  level  1% 


Fig.  4.  Retrieved  image  at  error  level  0.01% 
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EXPERIMENTAL  RESULTS 

The  method  has  been  applied  to  improve  the  resolution 
of  radiobrightness  image  in  the  case  of  helicopter-borne 
radiometer  measurements  of  thermal  radio  emission  cm 
of  oil  spills  on  lakes  at  wavelength  3  cm  [5],  The  size 
of  antenna  pattern  footprint  was  about  20  m.  It  was 
impossible  to  improve  tlie  resolution  using  large  aper¬ 
tures  because  montage  conditions  on  helicopter,  and  it 
was  impossible  to  improve  it  by  means  of  measure¬ 
ments  at  lower  heights  because  of  influence  of  propeller 
wind  on  oil  spills. 
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Fig.  5.  Measured  radiobrightness  distribution 


Fig.  6.  Retrieved  radiobrightness  distribution 


The  only  possibility  was  to  solve  inverse  problem  using 
high  sensitivity  of  radiometer  (about  0.1  K).  One  can 
see  tliat  the  retrieved  radiobrightness  distribution  con¬ 
tains  more  thin  details  of  structure,  and  these  details 
have  been  observed  visually  as  thin  folds  across  wind 
direction. 
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As  known  [1],  active  antennas  arrays  are  widely  used 
nowadays  because  of  the  significantly  improving  of  a 
number  of  radiosystem’s  performances.  It  is  usually 
assumed  that  the  APAA  is  radiating  continuously  or  as 
if  continuously.  Thereby  the  problems  of  modulating 
signal’s  radiating  of  APAA  aren’t  investigated.  When 
modulated  signals  are  considered  it  is  veiy  important  to 
choose  the  approach  to  modulation  method:  in  exciter 
on  ir  ending  cascades  of  active  modules. 

The  goal  of  the  work  —  the  investigation  of  technology 
non-stability  factors’  influence  on  the  APAA  perfonn- 
ances  (radiated  power,  side-lobe  level,  etc.)  for  the  case 
of  LFM  radio-pulse  signals. 


where  Dqn^Dq'n'  elements  of  square  matrix  D  ] 
that  describes  the  multiple  coupling  of  radiators;  ^  is 
a  wave  vector  tliat  is  directed  to  the  point  of  view;  Q 
is  the  modulation’s  circular  frequency;  are 

radius-vectors  of  radiators  n  and  Ih„hJ\ 


average  values  of  AMs’  transfer  function. 

If  APAA  is  controlled  by  tlie  delay  lines  with  random 
errors  of  its  lines,  then  the  transfer  coefficient  of  AM 
will  be 


Let  us  consider  the  radiating  of  periodic  packet  of  LFM 
pulses  by  N-channel  APAA  [1],  consisted  of  the  dis¬ 
tributing  system  of  synchronizing  signal,  active  mod¬ 
ules  (AM)  —  for  example  n-cascade  amplifiers,  phase- 
shifters  with  phase  cancellation  or  controlled  delay 
lines  for  two  methods  of  modulation  —  in  exciter  or  in 
AM. 

The  complex  envelope  of  input  signal  of  pulse  ampli¬ 
fying  AMs  is: 

a„{t^-an  Zwi(^  “5„-r7’),  (l) 


where  ©o  —  average  resonance  frequency;  C  —  tlie 
velocity'  of  light;  /„  =  -  ^ n  length  of  Uie  delay 
line  for  phasing  in  maximum  radiation’s  direction  ^ ; 
6/„  —  errors  in  length  of  delay  lines  (distribution  on 
normal  law  with  zero  average  value  and  the  disperse  of 

cjl 

The  average  value  of  transferring  functions  (3)  is 


where  a„  is  the  complex  coefficient  with  phase  con¬ 
trolled  by  phase  shifter;  u^(t)  =  rect(tfT)e\p(jnat^)  is 
the  complex  envelope  of  LFM  pulse  [2];t  -  pulse  du¬ 
ration;  a  is  steepness  of  LFM  performance; 
T  =2n  /Qj.  —  pulses’  period;  6„  —  the  delay  in 

controlling  delay  line  (if  used);  r  is  a  sum  index. 

Then  tlie  average  power  spectrum  of  the  complex  en¬ 
velope  of  the  radiated  field  (the  array  factor)  for  the 
ensemble  of  similar  APAAs  is  [1] 


r;rlG>,(P,n  J)=i: 
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(4) 


For  average  APAA  power  spectnim  with  controlling 
delay  lines  we  have  (adding  (4)  to  (2)  and  after  inte¬ 
grating  over  frequency  n  )  the  relation  for  reducing  of 

average  radiated  power  comparatively  to  maximum 
power, 

P  (®0,To)  ^ 

and  increasing  of  the  omnidirectional  radiation  (for 
k  =ko  and  small  af). 

AR  =  1  Ff(0o,9o)l 
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where 


CT 


Cf 


-mo  =  a/ 


2k 


/.o 


(©,(()  J 


IS  nor¬ 


malized  pattern  of  a  APAA  single  radiator;  N 
number  of  APAA  radiators. 


the 


So,  for  the  base  of  LFM  signal  |  a  |  =50  and 

square  average  deviations  of  delay  lines’  length 
O'jp  -25*’,  the  average  power  in  maximum  radia¬ 
tion’s  direction  will  be  decreased  to  1  dB. 


For  the  case  of  creating  LFM  pulses  in  APAA  exciter 
the  active  modules  are  operating  in  amplifying  regime. 
As  it  is  known  [3]  this  regime  is  less  effective  than  the 
above  modulation  regime. 

On  the  other  hand,  the  modulation  in  the  end  of  cas¬ 
cades,  as  more  powerful,  can  produce  the  additional 
deterioration  of  APAA  perfonnances  because  of  scat¬ 
tered  AMs’  parameters  and  the  difficulty  of  modulating 
signals’  syn-phasing  in  AM  in  process  of  signal’s  dis¬ 
tribution. 


So,  taking  into  account  only  the  time  fluctuations  of 

pulses’  appearance  in  AM  =^l  ^  =  0  )  de- 

Co 

creasing  the  average  power  and  increasing  of  omnidi¬ 
rectional  radiation  will  be 


d.I. 


max 


(®oAPo) 


=  1 


AR 


2  1  1 


F/^(0,cp)  — 


x^Tt  a  J 


N  3 


V  y 


where  =0/  JCo  die  standard  deviations  of 
times  of  pulses’  appearance  in  different  AMs. 

The  above  formulas  allow  to  calculate,  that  APAA  is 
very  sensitive  to  the  deviations  of  time  delays  of  pulses 
with  LFM,  and  for  the  equal  standard  deviation,  for 
example  =5  - 10"^,  the  average  radiated  power 

is  reduced  on  6,5  dB  for  two  times  signal’s  base  in¬ 
creasing. 

The  additional  value  for  side-lobe  level  in  described 
case  of  random  delays  (time  appearance  of  pulses) 
significantly  depends  on  the  signal’s  base  and  in  equal 

conditions  increases  with  |  a  |  x^  •  For  example,  for 


=  0.01  (standard  deviations  of  delays  is  1%  of 
the  pulse  duration)  and  the  base  |  a  |  ^  radia¬ 

tors’  number  A  =  21  the  additional  value  is  8.1  dB. 

The  numerical  relation  between  APAA  output  perfonn¬ 
ances  and  modulation  parameters  is  determined  for 
random  deviations  of  performances  of  active  modules 
and  distribution  system  of  modulating  signal.  This 
relation  allows  to  choose  tlie  correct  modulation  regime 
when  APAA  is  designed. 
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INTRODUCTION 

Use  of  the  optimum/adaptive  beamforming  (so  called, 
Capon  method)  in  bearing  estimation  of  closely  located 
sources  has  become  very  popular  due  to  its  superreso¬ 
lution  properties  [l-4j.  It  has  been  shown  that  this 
method  is  capable  of  resolving  two  independent  sources 
which  are  separated  by  an  angle  which  is  of  the  order  of 
one  standard  beamwidlh  (SBW)  and  sometimes  less. 
However,  when  some  sources  are  fully  or  highly  corre¬ 
lated  (coherent),  i.c.  when  one  source  is  a  scaled  and 
delayed  replica  of  another  source,  this  method  encoun¬ 
ters  significant  difficulties  concerning  with  signal  can¬ 
cellation  effect  [2,  3,  6,  7],  Note  that  coherent  sources 
appear  frequently  in  practical  problems.  A  well-known 
example  is  the  phenomenon  of  multipath  propagation. 

The  purpose  of  this  paper  is  to  obtain  anal>1ical  esti¬ 
mation  of  the  potential  capability  for  adaptive 
beamforming  in  the  presence  of  correlation  between  the 
sources  as  a  function  of  coherence  coefficient,  signal 
power  and  the  parameters  of  the  optimum  processor. 
Our  resolution  analysis  is  based  on  the  assumption  that 
the  covariance  matrix  of  the  received  signal  will  be 
determined  rigorously  by  averaging  over  an  infinite 
picriod  of  time,  thus  enabling  us  to  obtain  an  estimate  of 
the  limiting  ability  of  resolution. 

SIGNAL  MODEL 

Assume  that  L  narrow-band  coirelated  (partially  or 
fully)  sources  radiation  is  incident  on  a  linear  array 
consisting  of  N  equidistant  omnidirectional  sensors, 
and  the  directions  of  receiving  (OOP's)  from  these 
sources  are  {©i,  02,...,  Gl}  with  respect  to  the  array 
normal.  The  output  of  the  A'-th  sensor  can  be  expressed 
as 

L 

H  (0  =  (0  exp{-y(A  -  \)ui }  +  rik  (0 ,  (1) 

l=\ 

where  s*,  (0  denotes  the  signal  radiated  by  the  /-th 
source  as  observed  at  the  sensor  one,  and  T|,t(t)  is  an 
additive  sensor  noise,  which  is  assumed  to  be  a  zero- 
mean  stationary  random  process  which  is  independent 
from  sensor  to  sensor.  The  interelement  phase  delay  is 
given  by  Mi  =  (Ind/X)  sin  0i,  where  d  denotes  the  spac¬ 
ing  of  the  sensors,  0i  is  the  DOA  of  the  /-th  source,  and 
X  is  the  wavelength  of  the  narrow-band  signals.  We 


shall  be  confined  to  the  assumption  that  the  received 
signals  have  plane  wave  fronts.  In  matrix  notation,  the 
array  signal  vector  can  be  expressed  as 

x(0  =  As(0  +  'q(0,  (2) 

where  x(0  is  given  by 

xV)  =  {  Xl  (0>  X2  (0, . 

where  (T)  denotes  transposition  and  A  is  a  matrix  N  x 
P  wth  /-th  column  equal  to 

ak  =  {  l,exp(-j  Uk ),..., exp(-j(A/-~  1)  Uk  )}.^ 

The  Nxl  vectors  {ai,...,a/}  are  called  the  directive  vec¬ 
tors  of  the  sources.  The  vectors  s(0  and  ti(0  are  defined 
similarly  to  \{f). 

The  array  covariance  matrix  can  now  be  expressed  as 

R  =  <x(0  x+(/)>  =  I  -t-ASA"^  (3) 

where  S=<s(t)  +  s(0>  denotes  the  source  covariance 
matrix,  is  the  variance  of  the  additive  noise,  I  is  a 
unit  matrix,  and  (+)  represents  the  complex  conjugate 
transpose.  The  Capon  algorithm  estimates  the  spatial 
frequencies  of  the  L  radiators  by  finding  the  L  maxima 
of  a  functional  F(0)  (it  is  well-known  that  this  is  the 
output  power  of  the  optimum/adaptive  beamformer) 

P(0)  =  (5'(0)-"R‘'5'(0))'’,  (4) 

where  N(0)  is  a  vector  of  direction  with  elements  Sk  = 
exp{j(k-l)u},  where  u  =  Q-ndlX)  sin0,  and  0  is  the 
bearing  angle.  To  simplify  our  work  we  restrict  our 
analysis  to  the  case  of  the  two  sources.  The  covariance 
matrix  of  the  received  signal  can  be  written  as 

R  =  a,,^I  +  SiSi'*‘+  S2  82'^  + 

+  a,  CT2{pS,  82^  +  828, +  p*},  (5) 

where  is  a  variance  of  1-tli  signal,  and  Sj  is  a  direc¬ 
tion  vector  of  /-th  signal.  Si  is  given  by 

Si=  [  1,  expfjui},...  ,exp{j(A^-l)ui}]'^  /  =  1,2. 

The  coefficient  of  correlation  between  signals  is  defined 
as  follows:  p  =  |p|exp  (jcp),  where  |p|  and  cp  represent  an 
amplitude  and  phase  of  the  correlation  factor.  The 
angle  (p  is  equal  to  the  average  phase  shift  between 
signals  at  the  coordinate  origin.  The  phase  difference 
between  two  correlated  signals  is  a  function  of  the  lo¬ 
cation  distance  of  the  array  from  tlie  sources.  It  can  be 
easily  shown  that  Uie  amplitude  of  correlation  coeffi- 
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cicnt  lies  between  0  and  1.  When  the  signals  differ  by 
only  a  constant  detenninistic  phase  and  amplitude,  they 
are  fully  correlated,  i.e.  |pl  =  1.  This  situation  can  arise, 
for  example,  when  multiple  propagation  paths  (with 
fixed  differences  in  path  length)  exist  behveen  a  single 
source  and  the  array.  For  simplicity,  we  consider  the 
phase-centered  arrays,  which  exhibit  symmetry'  through 
the  origin.  By  using  a  well-knovra  matrix  identity,  the 
inverse  covariance  matrix  can  be  expressed  as 

R-’  =  (l/cr,^){  I  -  (1/a  )[  V,  (l+A^V2(l-|pp)  S,S,"  - 
(A^vi  V2  (i-lpp)  f(Au)  -  IpI  exp(j(p))Si  82''  - 
(TVvi  V2(l-|pft  f(Au)  -  |p|exp(-j  cp  + 

V2(1+/VV,  (l-|pp)S2S2l},  (6) 

where  vi,2=  f(Au)  =  sin(7V^u/2)/(7/sin(Au/2)), 

Au  denotes  the  nonnalized  angular  separation  between 
the  two  sources  and  is  given  by  Au=(2  ndlX))  (sinGi  - 
sin02),  a  =l+iV(v,+  V2)+  iV"  v,V2  (l-|pl^)  (l-f(Au)V  2N 
IpI  .yvi^f(Au)  coscp.  From  (4)  and  (6)  the  output 

power  of  the  optimum  beamformer  when  the  signals  are 
correlated  can  be  expressed  as 

P(0)-  (p^VN)  {l-(l/a  )  (A^  v,(l+A^V2(l-lpp))fi^- 
2A^(WvlV2(l-|pp)  f(Au)  -  7^1  V2  |p|COS(cp)  )f,f2  + 

/Vv2(l+yVv,  (l-lplW)}-',  (7) 

where 

f,  =  sin  (N  (u-u,)/2)/(A'sin((u-u,  })/2)), 
f2=  sin  (jV(u-U2)/2)/(N  sin  ((u-U2)/2)). 

Using  this  exact  expression  for  output  power  of  the 
optimum/adaptive  beamformer  we  can  study  any  sce¬ 
nario  for  two-source. 

RESOLUTION  OF  SOURCES 

When  the  sources  are  resolved,  tlie  beam  energy'  evalu¬ 
ated  at  target  bearing  must  be  larger  than  the  beam 
energy  evaluated  between  the  target  bearings.  The  vec¬ 
tor  of  between  targets  observation  direction,  So  is  de¬ 
fined  to  have  the  elements  Sok=  exp  {j(k-l)(ui+U2)/2}. 
The  criterion  used  for  resolution  of  the  sources  is  that 
the  ratio  of  on-target  to  between-target  beam  energies 
exceeds  a  tlu-eshold  value  of  1  (Rayleigh  resolution 
limit).  We  shall  consider  the  case  when  two  sources  to 
be  resolved  are  of  equal  strength  (Vi  =  V2=  v ).  Then  the 
tlireshold  of  resolution  is  defined  by  the  condition 

P(0,)/P((0,+02)/2)}= 

{So^  R''So}/{Sp  R'S,}  <  1,  i=l,2.  (8) 

Then,  using  (7),  from  (8)  we  obtain  the  following  exact 
formula 

1+  2A'  v  +  v  ^  (l-|pP)(l-  f(Au)^)  +1N  IpI  vcos  cp 
( f(Au)  -  f(Au/2)^)  +  2N^  v^  (l-|pp)  f(Au)  f(Au/2)^-  IN  v 
(1+A^  V  (1-lpf))  f(A  xJlf  >l+Nv  (1-  f(Au)").  (9) 


The  complexity  of  ex-pression  (9)  prevents  a  clear  ratio, 
coherence,  and  bearing  separation  on  resolving  capa¬ 
bility.  To  gain  its  understanding,  assume  tliat  the 
sources  are  localized  in  the  main  lobe  and  that  the 
angular  separation  between  them  is  very  small  com¬ 
pared  to  the  beamwidth  of  die  array.  Then,  expanding 
the  functions  f(Au)  ,  f(Au/2)  in  an  exponential  series 
over  Au,  we  retain  the  first  four  terms  of  die  expansion 

f(Au)  =  1  -  (A^Au)^/6  +  (7^Au)''/120  +  (AAu)®/5040, 
f(Au)‘  =  1-  {NAnfB  +  2(A^  Au)''/45+  160V  Au)®/5040, 

Substituting  these  approximations  in  (9)  for  minima! 
angular  separation  Aum^  we  obtain  (after  some  alge¬ 
braic  transformation) 

Au„™=  8.71  (  (1+1  p  I  coscp)  /  {N^  V  (l-lpp))'''"'  (10) 

One  can  see  that  minimal  angular  separation  is  a  ftinc- 
tion  of  the  magnitude  and  phase  of  the  coherence  as 
well  as  input  signal-to-noise  ratio.  From  the  expression 

(10)  for  resolvent  array  SNR,  the  minimum  SNR  which 
results  in  resolved  sources  can  be  write  as 

(  8.7I/(VAu))"(l+|p|cos(p)  /  (l-|p|")  (11) 

As  it  can  be  seen  from  (11)  the  resolvent  SNR  of  two 
plane  correlated  waves  is  inversely  proportional  to  the 
fourth  power  of  die  angular  separation,  indicating  that 
the  minimal  SNR  increases  much  faster  than  the  angu¬ 
lar  separation  decreases.  We  can  see  that  the  this 
method  is  capable  of  resolving  arbitrarily  closely  Icated 
source  bearings  if  the  input  SNR  is  high  enough.  As  the 
amplitude  of  the  coherence  increases,  the  resolvent  SNR 
increases.  The  loss  of  the  resolvent  SNR  due  coherence 
between  sources  can  be  expressed  as 

SNR  1 

For  example,  for  |p|  =  0.99  the  resolvent  SNR  is  greater 
by  20  dB  than  for  uncorrelated  sources.  For  coherent 
signals  (|p|  =  1)  the  source  covariance  matrix  becomes 
singular  and  die  array  cannot  resolve  the  sources  for 
any  value  of  the  input  SNR.  An  interesting  result  from 

(11)  is  that  die  resolvent  SNR  has  minimum  for  9  =  71. 
The  relationship  between  resolvent  SNR  and  cp  indi¬ 
cates  that  die  resohdng  power  of  Capon  method  is  de- 
tennined  by  die  location  of  die  array.  In  particular,  the 
array  located  at  the  maximum  of  the  interference  pat¬ 
tern  (cp  =  0)  exhibits  a  resolving  pow'er  lower  than  die 
array  at  the  minimum  of  the  interference  pattern  (cp  = 
7t).  The  maximum  gain  in  the  resolvent  SNR  which  can 
be  achieved  by  changing  the  position  of  the  adaptive 
array  is  determined  by  the  quantity  (1  +  |p|)/(l  -  |p|). 
Moreover,  we  noted  follows.  The  resolving  power  of 
optimum  beamfonning  for  correlated  sources  may  be 
greater  than  that  for  uncorrelated  sources  if  die  fol¬ 
lowing  condition  is  satisfied 

(l  +  lp|coscp  )/(1-1p|^)<  1. 
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The  explanation  of  this  effect  is  follow.  For  uncorre¬ 
lated  sources  the  output  power  of  optimum  beamformer 
for  the  bctween-sources  obsei'vation  direction  is  defined 
by  depth  of  the  nulls  in  the  directions  of  the  signals, 
Hereat  the  null  depth  decreases  with  decreasing  angular 
separation  between  sources  and  output  power  increases. 
For  correlated  sources  there  is  the  other  mechanism  of 
the  forming  of  tlie  output  signal.  In  tins  case  the  output 
power  for  the  betvveen-sources  observation  direction  is 
defined  also  by  the  sum  of  the  coherent  components  of 
received  signals.  This  sum  is  determined  by  the  coher¬ 
ence  amplitude  and  phase  only.  For  the  array  located  at 
the  minimum  of  the  interference  pattern  (cp  =  n)  these 
components  arc  subtracted  and  for  highly  correlated 
sources,  and  the  actual  array  output  signal  is  really  just 
a  noise  due  the  signal  cancellation  effect.  Therefore  the 
output  power  for  highly  correlated  sources  for  the  be- 
twecn-sources  observation  direction  is  less  than  that  for 
uncorrelated  sources.  Of  course,  the  output  power  for 
the  observation  direction  on  the  source  for  highly  cor¬ 
related  signals  is  also  less  than  for  weak  correlated 
sources.  But  the  resolving  power  is  defined  by  a  mutual 
relation  of  these  values.  Note  that  the  gain  at  the  resol¬ 
vent  SA^R  for  array  located  in  the  minimum  of  the  in¬ 
terference  pattern  is  given  by  1/(1 +|p|)  and  for  coherent 
sources  it  is  about  3  dB.  The  effect  of  resolving  the 
coherent  sources  in  accordance  with  our  criterion  (8) 
for  (p  =  7t  when  using  the  adaptive  bearriforming  w'as 
apparently  firstly  detected  in  [5]  by  computer  investi¬ 
gations.  However,  it  was  shown  in  this  work,  that  for 
these  correlation  amplitude  and  phase,  bias  of  the 
bearing  estimates  increases. 

We  have  done  the  extensive  computer  simulations  to 
support  our  theoretical  analysis. 

CONCLUSIONS 

In  this  paper  we  analyzed  the  potential  capability  for 
optimum/adaptive  beamforming  to  estimate  the  bear¬ 
ings  of  two  closely  located  radiating  equal-energy  cor¬ 
related  sources.  Analysis  shows  that  it  depends  on  the 
coherence  amplitude.  We  showed  that  the  resolution 
capability  depends  on  the  location  of  the  array  and  is 
better  for  array  located  at  the  minimum  of  interference 
pattern  due  the  complex  stnicture  of  the  received  field 
at  this  point. 
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ABSTRACT 

The  dispersions  of  joint  estimation  of  tlie  parameters  of 
harmonic  signal  are  presented  in  tlie  article.  Array’s 
sensors  receive  tlie  signal  at  the  background  of  non- 
Gaussian  interference.  It’s  presumed,  that  estimation 
are  calculated  by  the  method  of  polynomial  maximisa¬ 
tion  for  order  equal  to  S  =  1,  2,  3,4.  It’s  shown  that  for 
non-Gaussian  interferences  the  dispersions  of  joint  es¬ 
timations  can  be  significantly  smaller  than  the  disper¬ 
sions  of  estimations  in  the  case  of  Gaussian  interfer¬ 
ence. 

INTRODUCTION 

In  the  majority  of  works  devoted  to  synthesis  of  the 
meters  of  the  parameters  of  a  signal  received  by  an  ar¬ 
ray,  it’s  assumed,  that  interference  in  every  sensor  of 
the  array  is  Gaussian  fl].  However,  Gaussian  interfer¬ 
ence  is  often  considered  as  an  idealisation  of  real  in¬ 
terference,  so  the  synthesis  of  the  signal  parameters 
meters  for  non-Gaussian  interferences  and  investigation 
of  their  accuracy  characteristics  are  of  great  scientific 
and  practical  interest. 

Using  the  moments  or  cuniulants  of  higher  orders  pres¬ 
ents  one  of  the  perspective  directions  of  non-Gaussian 
interference  description.  Using  them,  linear  and  non¬ 
linear  algorithms  of  parameter  estimation  are  re¬ 
searched  [2].  In  most  cases  to  find  the  estimations  the 
method  of  maximum  likelihood  is  used,  which  is  based 
on  another  description  of  interference,  and  due  to  this 
the  cumulants  of  the  order  higher  then  the  fourth  are 
not  taken  into  account  [3].  In  this  research  it  is  pre¬ 
sumed  that  for  finding  the  estimations  the  method  of  a 
polynomial  maximisation  is  used  [3,4],  which  allows  to 
take  into  account  the  thin  structure  of  interference  pre¬ 
sented  by  the  cumulants  of  higher  orders,  and  to  use 
them  in  an  optimal  way  during  synthesis  of  various 
meters.  It’s  shown  that  for  non-Gaussian  interference 
the  dispersion  of  joint  estimation  of  a  vector  parameter 
can  be  significantly  smaller  than  the  dispersion  of  joint 
estimation  found  by  the  method  of  maximum  likelihood 
for  Gaussian  interference.  It’s  also  shown  that  disper¬ 
sion  of  estimation  decreases  with  the  polynome  order 
increasing. 


STATEMENT  OF  A  PROBLEM  AND  METHOD 
OF  ITS  SOLVING 

Let  there  is  a  ^-element  equidistant  array  of  receiving  sen¬ 
sors,  on  which  there  is  incident  real  flat  wave.  Let's  con¬ 
sider,  that  from  tlie  output  of  the  p-th  sensors  of  the  arrays 
the  discrete  sample  %)  =  {xi(^),X2(p),...,x„(p)}  of 
volume  n  of  an  additive  mixture  of  a  useful  harmonic 
signal  ‘S'v(p)(^)  and  non-Gaussian  of  a  interference 
nv{p)  is  made,  i.e. 

^v(p)  ='Sv(p)(9)+«v(p),  v  =  l,«,  ;5=0,(g-l) 

where  9  —  vector  of  the  dimension  g  of  unknown 
signal  parameters.  Let  £'nv(p)  =  0 ,  the  dispersions  is 

equal  to  X2  >  and  the  cumulant  of  the  /-th  order  inter¬ 
ference  is  equal  to  ,  /  =  3,4.... 

In  tliis  case,  each  sample  value  is  described  by 

sequence  of  initial  moment  /n,v(p)(9)  of  tlie  /-th  order 

h  dependent  on  vector  parameter  9  .  It  is  necessaiy,  for 
the  sample  using  mo¬ 

ments  w,v(p)(9)  of  higher  orders  to  find  and  to  inves¬ 
tigate  a  joint  estimation  of  parameter  9  . 

To  find  the  estimation  it  is  possible  to  use  the  method 
of  a  polynomial  maximisation  [4,5],  according  to  which 
the  estimations  are  obtained  by  joint  solving  equation 
system 

Z  =  0 ,  w  =  l,g , 

p=0v=\i=\ 

where  coefficients  are  found  from  the  solu¬ 

tion  of  the  linear  algebraic  equations  system 


Proceedings  of  the  3rd  International  Conference  on  Antenna  Theory  and  Techniques,  Sevastopil,  Ukraine,  8-11  Sept.  1999 


218 


p-<d,\-q,  V  =  l,n  ,  /  =  1,5  ,  w  =  l,g  . 


,  74  +  274-37473+973+673 

q  I  _  -  . 

97^+2474+97471-1871  +12 

When  5  =  4 


Thus  the  variational  matrix  of  estimation  is 

equal  to  an  inverse  matrix  Jsr,(g)  of  extracted  in¬ 
formation  quantity,  with  elements 


/3=0  v=!/-l 


The  dispersions  of  estimation  of  component  of  vector 
parameter  lie  on  a  diagonal  of  a  variational  matrix. 


RESULTS 

We  shall  consider  the  case  when  the  order  of  a  stochas¬ 
tic  polynome  is  5  =  1.  In  this  case  variational  matrix  of 
estimation  will  be  equal  to 


^4n(q)  -9'4lfl«(<?)> 
where  04]  is  equal  to 

^  34y1+76y1  +  168y4  +  4874  + 

"  30674+888y|+1968y474  -II88Y473 

^  +8527^73+42671-15 12747^+36074 y1- 
-5947^73  +2268747^  -360747^  - 

-2707^7^  +129671-2167^  +1447^ 

-3247f -2167^ -12967^ +288 

At  increase  of  the  order  of  stochastic  polynome  the  dis¬ 
persion  of  the  obtained  estimations  decreases. 


=  J 


-1 
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where  the  elements  of  a  matrix  are  equal  to 


•^55  -  Z  ZZ'gS  "hv(p)(S) 

p=0i=0v=l 

When  5  =  2  variational  matrixes  will  be  equal  to 


From  expression  (1)  it  is  clear,  that  at  5  =  2  dispersions 
of  the  found  estimation  will  be  less  than  at  5  =  1  in  q2l 
times,  where 


^21 


=  1- 


73 


74+2 


(2) 


From  the  formula  (2)  it  is  clear,  that  the  decreasing  of  a 
dispersion  depends  on  a  coeflicient  of  skewness  73  and 
coefficient  of  excess  74 . 


When  5  =  3 


where  the  factor  of  decreasing  <732  is  equal  to 
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INTRODUCTION 

For  multielement  antenna  arrays  (MAA)  the  desired 
characteristics  of  the  corresponding  pattern  are  often 
provided  by  means  of  the  proper  selection  or  optimiza¬ 
tion  (synthesis)  of  an  apodization  function  (AF),  i.e.  an 
amplitude  distribution  represented  in  a  sampled  man¬ 
ner  [1],  However,  for  some  types  of  MAA  not  all  the 
known  apodization  functions  (also  called  weighting 
windows  for  digital  signal  processing  applications)  [2] 
can  be  implemented.  The  reasons  are  the  constructive 
and  technological  restrictions.  They  are  originated  by 
different  factors  depending  upon  the  type  of  MAA 
under  consideration.  In  particular,  for  wave-guide-slot 
antennas  the  desirable  amplitude  distribution  is  pro¬ 
vided  by  means  of  varied  displacement  of  slots  in  the 
wide  wall  of  waveguide  in  respect  to  its  axis.  In  this 
case  the  minimal  distance  of  the  slot  to  the  axis  is  not 
less  than  some  value  predetermined  by  geometrical 
dimensions  of  the  slots,  wavelength  and  the  require¬ 
ments  to  antenna  solidity  [3].  Similar  reasons  take 
place  for  patch  MAAs.  In  general,  the  factors  men¬ 
tioned  above  lead  to  restricting  an  available  range  of 
apodization  fimetion  value  variation.  If  it  is  represented 
in  a  normalized  way  then  AF  values  can  not  be  less 
than  typically  0. 1-0.2.  That  is  why  below  we  consider 
several  possible  solutions  applicable  for  described  con¬ 
structive  technological  restrictions.  In  addition,  we 
propose  some  new  AFs  having  rather  good  characteris¬ 
tics  of  the  corresponding  patterns. 


The  expressions  that  describe  some  apodization  func¬ 
tions  contain  tlie  parameters  determining  the  AF  ap¬ 
pearance  and  the  corresponding  pattern  characteristics. 
The  examples  of  such  AFs  are  presented  in  Table 
(items  1-4).  For  such  AFs  the  parameter  a  values  are 
adjusted  in  such  a  manner  tliat  Omin  is  not  less  than 
some  predetermined  value.  Generally,  the  larger  a  the 
lower  maximal  side  lobe  level  (MSLL)  and  the  large 
the  pattern  main  lobe  width  (MLW).  It  is  a  common 
tendency  that  the  pattern  MLW  increases  with  reduc¬ 
tion  of  MSLL.  For  items  1-4  in  Table  =  0.1.  An 
example  of  such  window  and  the  corresponding  pattern 
is  presented  in  Fig.  1-2.  These  are  the  Kaiser-Bessel 
window  (Omm=  0.1  when  the  pattern  MSLL  equals  to  - 
28  dB)  and  the  corresponding  response  (See  Fig.  1  and 
Fig.  2,  respectively). 


Fig.  1.  The  Kaiser-Bessel  window 
(apodization  function  providing  amin=0.1) 


AVAILABLE  SOLUTIONS 


Among  a  wide  set  of  weighting  windows  described  in 
[2]  we  have  selected  only  those  ones  that  for  which  the 
AF  ^v(x)  satisfied  the  following  conditions 

w(x)  >  flniiii ,  xe[-LI2\LI2], 


max{w("xj}=l;  w(x)=Q\x  g  [-Z-/2;L/2],  (1) 

where  L  is  the  one-dimensional  (1  -  D)  array  physical 
length,  X  denotes  the  coordinate  on  antenna  axis.  For 
MAA  it  is  supposed  that  the  interelement  distance  Ax  is 
not  larger  than  half-wavelength  L/2.  Then  the  array 
pattern  is  defined  as 


G(0) 


LH 


J  »■(»). 


-  J^xSJNg 


■L  /2 


,  (2) 


where  0  is  the  angle  coordinate. 


Fig.  2.  The  corresponding  pattern 
with  MSLL  equal  to  -28  dB 


As  there  are  different  ways  to  determine  and  describe 
the  pattern  parameters  we  consider  below  and  give  in 
Table  the  following  characteristics  of  patterns: 
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•  the  pattern  MSLL  expressed  in  dB; 

•  the  pattern  MI.W  by  tlie  first  zeroes  expressed  in 
degrees  (for  iV  =  80,  Ax  =  >t/2); 

•  tlie  relative  MT.W  SGo.s  /80d-c;,  determined  by  the 
level  -3dB  and  normalized  by  the  MLW  of  the 
Dolph-Chebyshev  pattern  with  the  same  MSLL. 

As  it  is  seen  from  Table  the  Poisson  window  produces 
too  large  MSLL  and  it  is  not  an  appropriate  solution  for 
many  practical  application.  Considerably  better  trade¬ 
off  of  pattern  parameters  is  provided  by  the  Gauss  AF, 
so  is  quite  good  solution.  The  MSLL  of  Kaiser-Bessel 
pattern  is  not  low  enough,  however,  in  some  cases  it  is 
also  an  appropriate  solution  especially  taking  into  ac¬ 
count  the  other  advantages  like  relatively  narrow  main 
lobe  and  minimization  of  the  ratio  of  energies  con¬ 
tained  in  the  pattern  side  lobes  and  its  main  lobe.  Let  us 
remind  that  the  Kaiser-Bessel  AF  was  optimized  just 
according  to  this  criterion.  The  Abcl-Cauchy-Poisson 
window  is  characterized  by  too  wide  main  lobe,  so,  to 
our  opinion,  it  is  not  \\’orth  applying  it  in  practice. 

For  all  these  AFs  the  corresponding  patterns  are  char¬ 
acterized  by  a  regular  structure  of  the  side  lobes  and 
decreasing  behavior  of  their  envelope.  It  can  be  seen, 
for  example,  in  Fig.  2.  While  getting  the  pattern  plots 
presented  in  this  paper  and  evaluating  the  pattern  pa¬ 
rameters  we  added  the  sample  of  AF  by  zero  values  in 
order  to  make  the  pattern  interpolation  [4]  and  to  en¬ 
sure  the  high  accuracy  of  obtained  estimations  of  the 
measured  parameters.  For  derivation  of  the  pattern  the 
algorithms  of  fast  Fourier  Transform  were  used.  They 
were  implemented  by  software  package  LIPHAR  de¬ 
signed  by  our  group  [5]. 

A  very  good  result  is  provided  by  tw'o-component  Nut- 
tal-Harris-Blackman  window  with  the  weights  ao=  0-55 
and  fli  =  0.45  (0,™,=  0.1).  This  ran  us  into  idea  to  ana¬ 
lyse  the  windows  generally  expressable  as 

w{x,L)  =  ap+a^M:j.{x,L„l  L),  (3) 

where  Op  is  the  amplitude  of  pedestal  (o, 

=  1,  L„  is  the  length  w'here  w^ix,  LJL)  ^  0,  L^<L. 

In  the  considered  case  the  optimization  task  can  be 
solved  in  a  similar  manner  as  it  was  done  in  our  paper 
16].  Varying  the  parameter  a«,  =  1  -  Op,  the  type  of  the 
window  Wk(x)  (or  selecting  it  among  known  ones)  and 
tire  ratio  LyL  one  can  get  an  optimal  solutions  by 
minimizing  the  response  MSLL.  This  task  was  also 
performed  by  software  LIPHAR.  The  obtained  results 
are  given  in  items  6-12  of  the  Table. 

Obviously,  the  window  “Riss  on  pedestal”  (a„,>,  =  0.17) 
is  a  rather  good  solution  when  the  constructive- 
technological  limitations  are  strict,  i.e.  flmm  value  are 
ratlier  large.  The  window’  “Boman  on  pedestal”  pro¬ 
vides  the  MSLL  appropriate  for  many  practical  appli¬ 


cations  for  strict  constraints  but  the  array  pattern  MLW 
is  to  wide. 

A  veiy'  interesting  results  are  got  for  the  window  “cos 
on  pedestal”.  For  larger  (compare  items  8  and  9) 
the  better  pattern  MSLL  is  ensured  due  to  possible 
variation  of  Lyi.  The  results  for  the  window'  “co^  on 
pedestal”  are  not  too  good  because  of  rather  large 
MLW.  An  example  of  optimized  AF  “cos  on  pedestal” 
(item  9)  is  given  in  Fig.  3.  The  corresponding  pattern  is 
presented  in  Fig.  4. 
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Fig.  3.  Optimized  AF  "cos  on  pedestal" 

(item  9  in  Table),  am/n=  0.15 


Fig.  4.  The  pattern  corresponding  to  AF 
"cos  on  pedestal” 


The  optimization  appears  itself  in  tlie  fact  that  several 
side  lobes  located  close  to  the  main  lobe  have  practi¬ 
cally  equal  maximal  amplitudes  and  just  they  determine 
the  pattern  MSLL.  The  pattern  side  lobes  have  irregular 
structure  and  with  further  increasing  of  |0l  the  side  lobe 
envelope  slightly  reduces. 

Finally,  depending  upon  tlie  trade-off  of  requirements 
to  the  response  MSLL  and  MLW  the  windows  “Kaiser- 
Bessel  on  pedestal”  (item  12  in  Table)  and  “cos^  on 
pedestal”  (item  10,  it  is  very  similar  to  Nuttal-Harris- 
Biackman  one  [7])  can  be  the  appropriate  solutions  as 
they  provide  the  low  MSLL  and  rather  small  MLW. 
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Table 


The  parameters  of  apodization  functions  and  the  corresponding  pattern  main  characteristics  for  =  80,  Ax  =  XIO, 


Item 

Apodization  function  type 
and  its  parameters 

MSLL, 

DB 

zero-level  MLW, 
degrees 

500.5  /89p.ch 

1 

Gauss,  «3=  2.2 

-34.6 

5.84 

1.27 

2 

Poisson,  ftp  =  2.3 

-18.3 

5.61 

1.71 

3 

Kaiser-Bessei  (for  MSLL  =  -28dB) 

-28.0 

4.70 

1.16 

m 

Abel-Cauchy-Poisson,  Uacp^  3 

-31.1 

10.78 

2.53 

5 

Nuttal-Harris-Blackman,  0.55,  Oj  =  0.45 

-39.8 

5.62 

1.09 

6 

Riss  on  pedestal  0.17,  Ly/L  =  0.75 

-30.6 

5.16 

1.20 

n 

Boman  on  pedestal,  0.17  LJL  =  1 

-35.7 

8.81 

1.86 

8 

cos  on  pedestal  0.1,  Ly/L  -  1 

-22.0 

4.84 

1.32 

9 

cos  on  pedestal  0.15,  LyL  =  0.77 

-32.9 

5.28 

1.19 

10 

cos^  on  pedestal  0. 1 ,  Ly/L  -  0.97 

-39.9 

6.07 

1.18 

11 

cos^  on  pedestal  0.1,  Ly/L  =  1 

-34.4 

8.47 

1.84 

12 

Kaiser-Bessei  (with  initial.  MSLL  =  -40dB) 
on  pedestal  0.1 

-36.0 

5.84 

1.17 

CONCLUSIONS 

It  is  shown  that  the  constructive-technological  restric¬ 
tions  determined  by  the  MAA  type  and  restrictions 
imposed  on  available  AF  characteristics  can  essentially 
narrow  the  set  of  weighting  windows  applicable  in 
practice.  At  the  same  time  they  limit  the  reachable 
parameters  of  patterns.  However,  some  AFs  and,  in 
particular,  those  ones  proposed  and  optimized  in  this 
paper  can  serve  as  appropriate  solutions  for  considered 
practical  situations.  The  obtained  results  demonstrate 
that  potentially  the  pattern  MSLL  within  the  limits  - 
30. ..-40  dB  can  be  provided.  The  MLWs  of  these  pat¬ 
terns  are  only  15-20  %  larger  than  for  Dolph- 
Chebyshev  patterns  having  the  same  MSLL. 
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INTRODUCTION 

Long-range  (electromagnetic,  acoustic)  signal  propa¬ 
gation  in  random-inhomogeneous  environments  is  well 
known  to  lead  to  loss  of  the  signal  coherence  in  space, 
time  and  frequency,  w'hich  results  from  stochastic  ef¬ 
fects  of  multiple  signal  scattering.  From  an  application 
point  of  view  in  radar  and  sonar,  an  important  issue  is 
to  optimize  tlic  signal  processing  techniques  and, 
therefore,  to  decrease  in  part  or  even  to  minimize  a 
coherence-induced  degradation  of  the  processor  per¬ 
formances. 

Following  the  general  idea  of  spatial-temporal  proc¬ 
essing  factorization,  w'e  restrict  ourselves  to  the  study  of 
coherence  effects  in  the  spatial  domain,  which  is  of 
primary  interest  in  large-array  beam-forming.  The 
problem  of  array  processing  under  the  conditions  of 
reduced  signal  coherence  was  studied  earlier  by  several 
authors  [1-4]  on  the  basis  of  a  general  theory'  of  random 
signal  detection  f5]  but  without  invoking  specific  mod¬ 
els  for  the  channels  of  propagation.  In  our  recent  papers 
[6,7]  we  developed  an  effective  approach  of  combined 
consideration  of  the  signal  coherence  and  array  signal 
processing  for  long-range  sound  propagation  in  under¬ 
water  sound  channels.  A  distinctive  feature  of  this 
study  is  incorporating  realistic  models  of  the  signal 
coherence  to  predict  tlie  coherence  effects  on  the  array 
beam-pattern  and  gain  for  several  types  of  linear  and 
quadratic  array  processors,  the  optimal  ones  included. 
In  the  comparative  analysis  of  array  processors,  we 
exploit,  as  a  basic  technique,  the  eigenvalue-eigen¬ 
vector  decomposition  of  the  signal  covariance  matrices. 
Generally,  tliis  approach  can  be  effectively  used  for 
various  detection  criteria  including  the  maximum  like¬ 
lihood  (ML)  and  maximum  signal-to-noisc  (SNR)  ones. 
Our  particular  interest  concerns  the  small-signal  as¬ 
ymptotics  of  the  ML  detection  performance,  which  is  a 
reasonable  choice  for  long-range  signal  reception 
against  the  noise  background. 

In  this  paper,  we  give  a  short  introduction  to  large- 
array  processing  of  partially  coherent,  or  spatially  ran¬ 
dom  signals  with  emphasis  on  optimal  linear  and  quad¬ 
ratic  beamformers. 

BACKGROUND  AND  FORMULATIONS 

Generally,  tlie  problem  of  array  signal  processing  is  to 
detect  a  signal  source  and/or  to  estimate  imknown 
source  or  transmission  parameters.  In  both  cases,  one 
possible  strategy  is  to  optimally  process  the  outputs  of 


array  elements  (sensors)  according  to  a  predetermined 
statistical  criterion.  In  tliis  respect,  the  ML-  processor  is 
well  known  to  be  of  fundamental  importance  because  it 
is  optimal  for  a  variety  of  detection  and  estimation 
criteria  [5].  Conventional  array  beamformers  such  as 
those  used  for  plane-wave  source  detection  or  bearing 
estimation  in  radar  [8,9]  are  derived  under  the  key 
assumptions  of  a  time-invariant  and  spatially  homoge¬ 
neous  transmission  channel  between  a  source  and  sen¬ 
sors.  In  realistic  long-range  channels,  however,  such 
assumptions  are  not  generally  adequate.  Therefore,  a 
principal  issue  arises,  which  is  to  examine  the  effects  of 
random  inhomogeneities  perturbing  a  regular  signal 
waveficld  and  causing  its  coherence  loss. 

In  the  recent  two  decades  several  important  develop¬ 
ments  have  been  made  in  this  direction.  First,  the  co¬ 
herence  effects  on  the  array  beampattem  [10]  and  the 
detection  performance  [1-3]  were  examined  by  the  use 
of  some  (exponential-type)  models  of  the  plane-wave 
signal  coherence.  Second,  more  relevant  models  of  the 
multimode  signal  coherence  were  used  to  predict  the 
array  beampattem  degradation  and  to  compare  SNR 
loss  for  several  linear  and  quadratic  beamformers,  con¬ 
ventional  plane-wave  beamformers  (PWBF)  and  the 
optimal  ones  included,  in  random-inhomogeneous 
multimode  waveguides  [4,6,7].  Following  these  works, 
we  outline  below  basic  for-mulations  for  the  optimal 
large-array  processing  of  partially  coherent  signals  with 
emphasis  on  small-signal  consideration. 

The  signal  of  interest  and  the  noise  background  are 
both  assumed  to  be  zero-mean,  mutually  uncorrelated 
and  Gaussian  random  processes.  The  detection  problem 
is  formulated  as  a  two-hypothesis  alternative: 

x  =  s  +  n,  or  x  =  n, 

where  s  and  n  are,  respectively,  the  N  -dimensional 
signal  and  noise  vectors  of  the  Fourier-transformed 
data  vector  x  received  by  the  N  -element  array  of 
arbitrary  configuration. 

In  general,  the  data  vector  can  be  processed  in  quad¬ 
ratic  fonn  to  obtain  the  detection  statistic  d  by 

r/  =  x^Ax*,  (1) 

where  A  is  an  arbitrary  {NxN)  matrix,  and  the  super¬ 
scripts  “  ^  ”  and  “  *  “  denote  transpose  and  complex 
conjugate,  respectively. 

For  the  ML  criterion,  tlie  optimal  matrix  Aopt  is  ex¬ 
pressed  by 
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Aopt=M;’-(M,+M„rl.  (2) 


Here,  and  are  tlie  spatial  covariance  mat-rices 
of  the  signal  and  noise,  respectively,  which  are  defined 
for  a  random  vector  x  as  =  <x*x^) . 

Under  the  small-signal  condition  which  is  a  rea-sonable 
assumption  for  long-range  signal  propagation  and  pow¬ 
erful  noise  interference,  the  detection  perfonnance  can 
be  characterized  by  the  deflection  q  of  the  detection 
statistic  d  ,  which  is  also  known  as  the  detection  index 
[5,9]  or  output  SNR  [1-4]: 

(ci(s-i-n))-(^(n)) 

?  —  /  \n' 

{:r/2(n))-(rf(n))2j 

The  optimal  small-signal  matrix  from  Eq,  (2)  and  de¬ 
flection  from  Eq.  (3)  are  given,  respectively,  by 

Aopt  =M-HM-\9opt  -  {rr(M;'M3)2}'^  (4) 


An  important  point  is  here  the  fact  that  Eq.  (4)  can  be 
derived  alternatively  by  direct  maximizing  the  deflec¬ 
tion  q  (3)  for  arbitrary'  signal  statistics.  There-fore,  tlie 
choice  of  the  maximum  deflection,  or  SNR  criterion  is 
quite  reasonable  for  the  case  of  weak  and  unknown 
(non-Gaussian)  signals  in  the  Gaussian  noise  back¬ 
ground,  when  the  ML  criterion  is  general-ly  not  appli¬ 
cable  to  give  the  optimal  processor  [5]. 


The  deflection,  or  the  SNR  (3)  can  be  used  to  compare 
directly  the  array  gain  and  the  gain  loss  for  different 
beamformers.  The  array  gain  G  is  defined  as  the  out¬ 
put  SNR  normalized  to  the  input  SNR  q^ ,  and  the  gain 
loss  5  as  the  gain  normalized  to  the  number  of  array 
elements: 


Tr(M,)  g  ^  G 
Tr(M„)’  N' 


(5) 


ARRAY  BEAMFORMERS 

A  general  structure  of  a  quadratic  beamformer  (QBE) 
can  be  described  clearly  using  the  processor  matrix  (1) 
in  factorized  form  as  A  =  WW'' ,  where  W  is  an 
(NxR)  weight  matrix  consisting  of  vector-rows  Wp 

(p  =  l,2,...,R,l<R<A^),  and  the  superscript  ' '''  de¬ 
notes  conjugate  transpose.  This  stnicture  consists, 
therefore,  of  the  matrix  filter  W  followed  by  an  R- 
channel  quadratic  processor.  Its  weight-square-sum 
output  is  obtained  directly  as  a  quadratic  function  of 
the  input  vector  x  by 


Each  partial  channel  of  QBE  is  a  linear  beamformer 
(LBF)  characterized  by  the  corresponding  array  weight 
vector  Wp  .  As  distinct  from  QBE,  the  LBF  weight-sum 


output  is  obtained  as  a  linear  function  of  the  input 
vector  by 

Tlbf  =  w'^x ,  (7) 

where  w  is  an  arbitraiy  (A'^xl)  weight  vector.  This  is 
a  conventional  choice  for  array  signal  processing  -with 
numerous  applications  in  radar  and  sonar. 

Comparing  these  beamforming  schemes  we  conc-lude 
that  QBE  is  an  incoherent  combination  of  R  partial 
LBFs  and  reduces  to  LBF  in  the  particular  case  of 
R  =  l.  A  choice  of  the  weight  vector  w  and  matrix  W 
in  the  LBF  and  QBE  schemes,  respectively,  determines 
directly  the  output  processor  performan-ces  for  given 
(measured  or  simulated)  signal  and  noise  covariance 
matrices. 

We  turn  now  to  the  optimal  QBE  and  LBF  which  are  of 
particular  interest  in  examination  of  the  coherence- 
induced  effects  on  large-array  signal  processing.  For 
the  optimal  QBE,  the  partial  weight  vectors  and  SNR 
are  given  by  [4] 

Wp  :=Ap^M“*mp,/j  =  l,2,...,r  =  rank(Ms) ,  (8) 

where  Xp  and  mp  are  the  eigenvalues  and  eigenvec¬ 
tors  of  the  signal  matrix  Mj ,  respectively. 

As  follows  from  Eq.  (8),  the  number  R  of  partial  LBFs 
in  the  optimal  QBE  is  exactly  the  signal  rank.  There¬ 
fore,  the  linear  structure  can  be  optimal  if  and  only  if 
the  signal  matrix  Mg  is  the  rank-one  matrix.  This 

conclusion  is  extremely  important  for  our  study  because 
the  signal  coherence  and  the  signal  rank  are  intrinsi¬ 
cally  interrelated:  the  rank  r  increases  with  the  array 
length  N  as  compared  to  the  signal  coherence  length 
(where  N^.  is  the  dimensionless  coherence  length 
expressed  in  element  spacing  units). 

The  optimal  LBF  exhibits,  in  its  turn,  the  ultimate 
coherence-induced  limitation  for  all  possible  LBFs.  Its 
weight  vector  and  SNR  are  given  by  tite  following  ei¬ 
genvalue-eigenvector  problem: 

9pVp  =  Mn^MgVp,/?  =  1,2,...,  r .  (9) 

The  largest  eigenvalue  gives  the  maximum  SNR, 
and  the  corresponding  eigenvector  Vj  gives  the  opti¬ 
mal  weight  vector:  w^pt  =  .  Moreover,  the  eigen¬ 

values  (9)  give  the  optimal  SNR  q^p^  (4). 

It  follows  from  Eqs.  (8),  (9),  that  in  the  case  of  the 
rank-one  signal  matrix,  botli  tlie  optimal  QBF  and  LBF 
reduce  to  the  well-known  steady-state  adaptive 
beamformer  (noise  prewhitening  beam-fonner  followed 
by  the  matched-signal  filter)  [8,9]  wliich  is,  therefore, 
the  optimal  scheme  to  process  the  perfectly  coherent 
signal  against  the  noise  interference. 

For  the  purpose  of  emphasizing  tlie  signal  coherence 
effect,  we  point  out  a  particular  case  of  spatially  white 
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noise.  In  this  case,  the  optimal  QBF  scheme  is  the  in¬ 
coherent  Xp  -weighted  combination  of  the  partial  filters 

matched  to  the  signal  eigencomponents  {XpSRp)  (8), 


while  the  optimal  LBF  matches  the  most  powerful 
eigencomponent  Thcre-fore,  an  additional 

gain  Q  of  the  optimal  QBF  is  detennined  only  by  the 


signal  eigenvalues: 


,1/2 


^QBF 

Jlbf 


p=! 


1/2 


(11) 


In  practice,  only  the  largest  eigenvalues  and  an 
“effective”  signal  rank  (defined  as  their  number) 
are  of  real  importance  for  estimation  of  the  QBF  per¬ 
formance,  while  the  contribution  of  the  higher  order 
eigenvalues  can  be  ignored. 

Thus,  tlie  following  characteristics  of  the  received  sig¬ 
nal  arc  the  most  important  ones  with  application  to  the 
optimal  large-array  processors:  the  first  (lar-gest)  ei¬ 
genvalue  2-1 ,  the  effective  rank  refj- ,  and  the  quadratic 
gain  Q  from  Eqs.  (8)-(ll).  All  of  them  are  determined 
by  the  signal  eigenvalues  and,  therefore,  are  intrinsi¬ 
cally  interrelated. 

The  physical  parameter  related  to  the  signal  eigenval¬ 
ues  is  the  ratio  N^l N  which  can  be  estimated  by  direct 
measurements  using  the  array.  For  the  case  of  a  coher¬ 
ence-degraded  signal,  N^/N  « 1 , 


the  following  estimates  are  of  interest: 

A(,  N  1/2 
2-1  »  — -  ,reir  ~  —  ,Q  ~  Am 
^  N  N, 


(12) 


DISCUSSION 

The  general  formulations  outlined  above  have  been 
effectively  exploited  by  several  authors  to  simulate  the 
optimal  processors  and  to  consider  suboptimal  (quad¬ 
ratic  and  linear)  techniques  by  the  use  of  exponential- 
type  models  for  the  signal  cohe-rence  [1,2],  In  our 
papers  [4,6,7]  the  theory  has  been  developed  by  incor¬ 
porating  a  model  of  multimode  signal  and  simulations 
of  the  modal  covariance  effects  on  array  beamforming. 
Two  intrinsic  factors,  the  modal  covariances  and  the 
mode  orthogonality,  were  shown  to  affect  mutually 
optimal  array  beam-forming  and  detection  perform¬ 
ance.  For  example,  the  signal  rank  is  considerable, 
/•gif  a  A/,  if  the  signal -cariying  modes  {M  is  tlieir 
number)  are  weakly  correlated  and  the  array  lengtli  is 
sufficient  for  their  shapes  orthogonality  or  spatial 
resolution.  This  means  that  the  coherence  effects  de¬ 
pend  intrinsically  on  the  array  configuration  in  a  chan¬ 
nel  and  the  array  length. 


Moreover,  the  beamforming  techniques  are  very  differ¬ 
ent  from  the  point  of  view  of  emironmental  robustness. 
The  PWBF  gain  can  dramatically  vary  as  a  function  of 
tlie  source  and  environmental  parameters,  but  an  obvi¬ 
ous  advantage  of  the  PWBF  techniques  is  their  com¬ 
parative  simplicity.  They  do  not  require  a  preprocessing 
procedure  to  estimate  the  signal  eigenspace,  and  their 
performance  can  easily  be  controlled  by  reforming  the 
beampattem. 

As  distinct  from  the  PV.^F,  the  optimal  beamformers 
require  the  signal  eigenvalue-eigenvector  analysis.  The 
full-optimal  QBF  reduces  significantly  the  coherence- 
induced  gain  loss,  however,  at  a  cost  of  increased  proc¬ 
essor  complexity:  the  number  of  its  partial  weight-sum 
channels  is  equal  to  the  number  of  the  largest  signal 
eigenvalues.  The  reason  to  follow  such  a  complicated 
scheme  is  only  the  signal  coherence  degradation  at 
large  distances  from  a  source,  or  tlie  case  of  refr  » 1  • 
Under  these  conditions,  the  additional  gain  Q  (1 1)  is 
considerable. 

Therefore,  a  priori  estimation  from  Eq.  (12)  is  the  key 
point  of  the  optimal  processor  performance/  complexity 
analysis  in  tlie  coherence-degraded  environments.  The 
most  essential  and  pronounced  feature  of  tlie  optimal 
QBF  is  the  increase  of  the  gain  function  G(N)  for  all 
array  lengths  without  a  “saturation”  plateau.  The  latter, 
in  turn,  is  an  intrinsic  feature  of  the  optimal  LBF. 
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Maximization  of  signal  -  to  noise  and  interference 
relation  (SNIR)  or  an  energy  optimization  is  one  of  the 
trends  in  the  optimization  of  array  integral  parameters. 

In  spite  of  the  defining  role  of  the  SNIR  in  providing  an 
accuracy  of  the  monopulse  radar  systems  there  are  no 
published  papers  on  the  energ)'  optimization  for  the 
monopulse  arrays. 

The  purpose  of  the  present  paper  is  the  development  of 
the  energy  optimization  method  for  the  total -difference, 
beam-shared-forming  monopulse  arrays,  that  is  for 
such  arrays,  in  the  channel  of  each  radiator  of  which 
there  is  one  device  of  a  complex  weighing  J„ 
{n-  2... N).  In  such  arrays  forming  of  two  beams  of 
the  monopulse  group  is  provided  by  the  way  of  using 
two  adders,  the  inputs  of  which  are  connected  with  the 
devices  of  complex  weighing  through  the  fixed  shift- 
phasers,  providing  a  progressive  increasing  (for  the 
first  beam)  or  decreasing  (for  the  second  beam)  phase 
shift. 


The  problem  of  the  energy  optimization  is  formulated 
as  follows.  It  is  necessary  to  find  yV-dimensional  vector- 
column  I  j)  for  tlie  complex  currents  amplitudes  in  the 

radiators  which  maximizes  the  ratio  q  of  the  signal 
power  in  the  aggregate  channel  to  the  sum  of  the  noise 
and  interference  power  in  tlie  first  and  the  second 
beams  of  the  monopulse  group,  that  is 


max  9  = 


where  in  assumption  of  unit  load  it  is  accepted  that 


(1) 


P}  = 


(2) 


ti/2 


=  ^  (©)/''>(0)r(0)^/0,  (3) 


-it/2 


/('')(©)=/(©±A0),  v  =  l,2.  (4) 


T{&)  is  a  noise  distribution  function  determined  by  the 
following  expression 


7’(0)  =  - 


at  0|;;'£^0<0rif 
1  otherwise 


where  -  is  a  relative  level  of  the  k-th  interference, 

0-J3^^  and  0™'*^  are  the  lower  and  upper  boundaryis  of 
the  spatial  distribution  of  the  k-th  interference. 

The  upper  sign  in  the  expression  (4  corresponds  to 
V  =  1 .  Denote  the  unnonnalized  pattern  of  the  system 
excited  by  current  j  J)  by  the  function  f(0) : 

n=l 

(/)  means  here  the  for  A^-dimensional  vector-row  of 
the  unnormalized  pattern  /„  (©)  of  the  system  excited 
by  the  current  of  a  unit  amplitude  at  tlie  «-th  input. 
Also 

/^(©)  =  /(l)(©)  +  /(2)(©)^  (6) 


where  0o  is  the  boresight  angle, 

2A0  is  the  angle  of  the  beam  spread  of  the  monopulse 
group, 

and  is  a  sign  of  a  complex  conjugation  of  the  scalar 
magnitude  and  the  Hermite  matrix  conjugation. 

Taking  into  account  that 

/(0±A0)=f;/„(0)-./„-/^'^«,  (7) 

«=1 


where 


,T,  271 


¥) 


sin0 , 


(8) 


-  are  the  wavelength  and  array  spacing,  rela¬ 
tively,  and  introducing  the  designation 

/„(0)  =  /„(0)-2cos%,  (9) 

we  obtain  from  (6)  taking  into  account  (4)  at  0  =  ©q 
the  following: 

/b0o)=f;/,(®o)''. =(/(®o))-k>^  <>») 

n=l 

Taking  into  consideration  (2),  we  can  write 

R,^=|j)*[4^(0o)]j),  (11) 
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where  [4^(©o)]=^  (/(®o))*(/'(®o))  '  ‘s  the  square  ma¬ 
trix  of  the  N-th  order  with  elements 

<^,n.-frr:i®o)fn{Qo)-  (12) 

Similarly  we  can  write 

(13) 

where  -  is  the  square  matrix  of  the  N-th  order 

with  elements 

(14) 


Taking  into  account  (12)  and  (13)  and  introducing  the 
designation 


(15) 


from  (1)  wc  obtain 

k>*[Bp> 


(16) 


As  matrices  [.i^(0o)]  and  [5]  are  the  Hermite  ones, 
then  q  is  the  ratio  of  the  Hermite  shapes. 


The  Hermite  shapes  introduced  in  (16)  define  the  bun¬ 
dle  of  the  shapes  l./)*[/l^(©o)]“l)~i'k)*[-®l'^)  which 

is  regular  as  shape  |.;)*[/ij./)  is  defined  positively  due 
to  being  caused  by  its  physical  nature. 

Maximum  of  (16)  is  egual  to  the  greatest  characteristic 
number  of  the  shape  bundle  and  this  maximum  is 
reached  only  for  the  principal  vector  of  the  bundle 
corresponding  to  tlris  number. 


The  optimal  current  vector  (the  complex  weighting 
coefficients)  is  found  from 


k).,,  =[Br'(/(®o))‘.  (17) 


And  the  functional  maximum  realized  in  this  case  is 
defined  by  the  relation 

W=(A0o)K'(/(®o)r  (18) 

Numerical  simulation  of  the  power  optimization  ac¬ 
cording  to  the  suggested  method  was  carried  out  on  the 
specimen  of  the  19-component  antenna  array  of  iso¬ 
tropic  elements  arranged  with  0.5%.  spacing.  The  re¬ 
ceiver  direction  of  the  desired  signal  is  ©q  20°. 


In  Fig.  1  one  can  see  the  total  /^(0)  (dashed  line) 
and  the  difference  f^{&)  (solid  line)  pattents  opti¬ 


mized  at  the  interference  distribution  function  of  the 
following  form: 


r(0)  = 


10^  at  35°<0<4O° 
1  otherwise 


Fig.  1 


It  follows  from  Fig.  1  that  the  gaps  with  the  level  <  -60 
dB  are  formed  in  the  whole  sector  of  the  interference 
distribution  and  in  the  total  and  difference  pattern  and 
in  this  case  the  directive  gain  in  the  aggregate  channel 
of  the  optimised  antenna  array  decreases  by  0,7  dB  and 
SNIR  in  the  aggregate  channel  increases  from  -5.8  dB 
to  10.7  dB. 

At  the  same  time  it  is  necessary  to  note  that  thefunc- 
tional  maximum  (1)  defined  by  expression  (18)  is  equal 
to  12.5  dB  while  its  magnitude  before  the  optimization 
was  equal  to  -14.5  dB. 

While  the  gap  forming  the  boresight  shift  arises  both  in 
the  total  and  difference  patterns.  The  shift  magnitude 
reaches  almost  10  %  of  the  principle  maximum  width 
of  the  total  pattern  in  the  considered  specimen. 

One  of  the  ways  to  compensate  the  boresight  shift  while 
forming  the  gaps  in  the  pattern  is  to  form  a  gap  not 
only  in  the  interference  direction  but  in  the  direction 
symmetric  to  it  in  the  generalized  coordinate  with  re¬ 
spect  to  the  radar  boresight. 

Anexample  of  the  array  parameter  optimization  with 
allowance  for  the  dummy  interference  is  shown  in 
Fig.  2.  In  this  case  the  interference  distribution  function 
has  the  form: 


f  10^  at  35°<0<4O° 


r(0)  = 


10-^ 


at  2.4°<0<6.3°. 


1  otherwise 
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All  the  designations  here  are  the  same  as  in  Fig.  1 . 


fS(©), 


The  result  analysis  has  shown  that  the  introduction  of 
the  dummy  iterference,  symmetrical  in  the  generalized 
coordinate  with  respect  to  the  radar  boresight  elimi¬ 
nates  the  boresight  shift  both  in  the  total  and  difference 
pattern,  and  in  this  case  an  additional  reduction  of  the 
directive  gain  by  0.5  dB  and  SNIPR  in  the  aggregate 
channel  by  2.3  dB  takes  place. 


The  developed  method  of  the  power  optimization  for 
the  monopulse  antenna  arrays  for  the  maximum  crite¬ 
rion  of  the  ratio  of  the  signal  power  in  tlie  aggregate 
channel  to  the  sum  of  the  powers  in  each  of  the  beams 
of  the  monopulse  group  is  efficient  and  pennits  to  carry 
out  the  spatial  filtering  of  the  interfering  signals  re¬ 
ceived  from  the  certain  directions. 

Modification  of  function  T (0)  by  the  dummy  interfer¬ 
ence  permits  to  compensate  the  boresight  shift  arising 
at  the  gap  forming. 

Functional  (1)  can  be  used  also  in  the  adaptive  beam- 
shared-forming  monopulse  antenna  arrays. 
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INTRODUCTION 

Any  experiment  performed  with  the  use  of  receiving 
hydroacoustic  antenna  arrays  requires  solving  the  im¬ 
portant  problem  of  detennining  their  various  charac¬ 
teristics  alter  array  deployment. 

Transfer  coefficients  of  array  hydrophones,  that  relate 
acoustic  pressure  at  tlie  hydrophone  input  with  voltage 
at  the  output,  are  an  example  of  such  characteristics. 
After  array  deployment,  these  coefficients  may  differ 
considerably  from  tlie  values  measured  under  labora¬ 
tory  conditions  (before  array  deployment).  The  problem 
of  measurement  of  transfer  coefficients  of  low- 
frequency  arrays  after  array  deployment  has  not  been 
fully  investigated.  In  the  case  of  arrays  with  flexible  or 
semi-rigid  deployment,  solution  of  the  important  prob¬ 
lem  of  determining  their  profile  in  horizontal  or  verti¬ 
cal  planes  is  needed.  Besides  for  many  applications  in 
is  necessary  to  estimate  bottom  parameters  in  the  re¬ 
gion  of  array  deployment  must  be  performed. 

To  solve  the  problems  mentioned,  a  complex  method 
was  developed.  This  method  uses  a  source  of  tonal 
acoustic  signal  with  changing  frequency  and  a  precise 
hydrophone  with  a  known  transfer  coefficient.  It  is 
assumed  that  the  transfer  coefficients  of  array  hydro¬ 
phones  are  not  considerably  dependent  on  frequency, 
the  source  is  monopole  (its  radiation  level  is  tlie  same 
in  various  directions)  and  the  precise  hydrophone  has  a 
uniform  spatial  beam  pattern.  The  realization  of  the 
proposed  method  also  enables  to  detennine  whether  a 
multibeam  substance  model  is  suitable  under  natural 
conditions.  In  this  model,  an  acoustic  signal  from  a 
source  of  tonal  signal  is  modeled  as  the  sum  of  the 
direct  signal  and  multiple  reflections  at  the  surface  and 
bottom. 

EXPERIMENTAL  SETUP 

The  method  described  below  was  applied  to  the  hy¬ 
droacoustic  data  obtained  in  the  framework  of  the  ex¬ 
peditions  of  the  Institute  of  Applied  Physics  RAS  to 
Sankhar  Lake,  Vladimir  region  (1997  and  1998).  All 
the  results  demonstrated  below  were  obtained  from  the 
data  colleeted  during  these  expeditions. 

The  method  proposed  consists  in  the  following.  At  a 
small  distance  from  a  horizontal  or  vertical  antenna 
array,  a  precise  hydrophone  with  the  known  transfer 
coefficient  and  a  source  of  tonal  signal  with  changing 


frequency  are  placed  at  a  given  distance  from  each 
other  (Fig.  1). 


Bottom 

Fig.  1.  Scheme  of  the  experiment 


The  source  is  excited  by  die  frequency  stepped  signal  in 
a  certain  frequency  range.  For  each  frequency,  tlie 
received  signal  is  filtered  by  a  narrow-band  filter  with 
tlie  center  frequency  equal  to  the  frequency  of  radiation, 
and  the  resulting  complex  amplitudes  of  the  signals 
from  the  precise  hydrophone  and  from  each  of  the  array 
hydrophones  are  recorded.  Thus,  the  signal  at  the  proc¬ 
essing  input  represents  the  dependence  of  the  received 
signal  on  the  hydrophone  number  and  frequency. 

TRANSFER  COEFFICIENTS 

The  proposed  technique  of  determining  the  transfer 
coefficients  of  array  hydrophones  consists  in  tlie  com¬ 
parison  of  the  signal  received  by  the  precise  hydro¬ 
phone  with  the  signal  received  by  each  of  the  array 
hydrophones.  For  such  a  comparison,  it  is  necessary  to 
separate  the  direct  signal  and  the  reflections  from  the 
surface,  from  bottom,  and  multiple  reflections  from  the 
surface  and  bottom.  In  order  to  achieve  this  aim,  the 
Fourier  transform  of  the  initial  dependence  of  the  com¬ 
plex  signal  on  frequency  can  be  used  each  hydrophone. 
This  operation  transforms  the  initial  dependence  on  the 
hydrophone  number  and  frequency  to  the  dependence 
on  tlie  hydrophone  number  and  time  delay,  so  that  the 
impulses  corresponding  to  the  direct  signal,  as  well  as 
multiple  reflections  at  the  surface  and  bottom,  are  ob¬ 
tained.  A  characteristic  dependence  of  signal  amplitude 
in  the  “hydrophone  number  -  time  delay”  plane  in  the 
case  of  a  horizontal  array  is  represented  in  Fig.  2.  The 
first  three  rays  -  the  direct  ray  (1)  and  the  rays  reflected 
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by  the  surface  (2)  and  bottom  (3)  -  are  clearly  visible  in 
this  picture. 


Fig.  2.  Received  signal  versus  time  delay  and 
hydrophone  number  for  a  horizontal  array 


Hydrophone  number 

Fig.  3.  Amplitude  and  phase  of  the  transfer  coefficients 


Separated  in  such  a  way,  the  direct  ray  can  be  used  for 
determining  the  transfer  coefficients  of  the  array  hy¬ 
drophones.  The  maximum  positions  corresponding  to 
the  direct  signal  allow  (know  the  sound  velocity'  in 
water)  to  detennine  the  distances  from  the  source  to 
each  hydrophone.  Then,  upon  finding  the  signal  at  the 
maxima  and  knowing  both  the  precise  hydrophone 
transfer  coefficient  and  the  distances  from  the  source  to 
both  the  precise  hydrophone  and  the  array  hydro¬ 
phones,  one  can  calculate  tlie  transfer  coefficients  of  the 
array  hydrophones.  Since  the  procedure  of  ray  separa¬ 
tion  has  at  its  input  the  signal  over  a  wide  frequency 
range,  the  transfer  coefficients  calculated  in  this  way 
represent  the  averaged  values  in  the  given  frequency 
range.  An  example  of  dependence  of  transfer  coeffi¬ 
cients  amplitude  and  phase  on  the  hydrophone  number 
obtained  according  to  the  descibed  above  procedure  is 
demonstrated  in  Fig.  3. 


ARRAY  PROFILE 

To  solve  the  second  problem  -  determination  of  the 
array  profile  -  one  can  use  the  direct  ray  and  the  ray 
reflected  by  the  surface  (separated  with  the  help  of  the 
procedure  described  above).  In  particular,  the  profile  of 
a  horizontal  array  can  be  modeled  as  a  chain  line  with 
three  unknown  parameters  (for  example,  the  depths  of 
the  array  edges  and  its  flexTire),  and  these  parameters 
can  be  estimated  by  means  of  the  MRSE  method  pro¬ 
ceeding  from  the  arrival  times  of  the  direct  ray  and  the 
ray  reflected  by  the  surface.  An  example  of  restored 
profile  of  a  horizontal  array  is  given  in  Fig.  4. 


Fig.  4.  Shape  of  a  horizontal  array 
(for  two  deployments) 


BOTTOM  PARAMETERS 

For  an  estimation  of  the  bottom  parameters,  the  direct 
and  bottom-reflected  rays  can  be  used.  The  ratio  of 
signal  amplitude  in  maxima  corresponding  to  the  direct 
and  bottom-reflected  rays  gives  an  estimate  of  the  bot¬ 
tom  reflection  coefficient  for  the  angle  of  incidence 
corresponding  to  the  locations  of  tlie  source  and  of  each 
of  the  array  hydrophones.  Thus,  having  chosen  an  ap¬ 
propriate  source  location,  one  can  obtain  the  depend¬ 
ence  of  the  reflection  coefficient  on  the  angle  of  inci¬ 
dence  in  the  range  wide  enough  to  estimate  (for 
example,  by  the  MRSE  method)  the  bottom  parameters 
-  density  and  sound  velocity  -  for  a  chosen  bottom 
model,  for  instance,  for  the  model  of  liquid  bottom, 
where  tlie  reflection  coefficients  are  given  by  the  Fres¬ 
nel  fonnula. 

CONCLUSION 

The  use  of  the  described  method  for  the  determination 
of  the  transfer  coefficients  of  array  hydrophones  and 
array  profile  has  shown  its  efficiency.  Since  the  bottom 
of  the  lake  where  the  ex^periment  was  performed  had 
rather  complex  structure  (most  likely,  it  represented 
ground  with  a  layer  of  silt  on  it),  it  was  not  possible  to 
detennine  the  contributions  of  ground  density  and 
sound  velocity  in  ground  to  the  reflection  coefficient. 
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Remote  sensing  systems  development  pemiits  to  im¬ 
prove  their  informative  parameters,  i.e.  increase  prob¬ 
ability  of  target  detcction/rccognition,  spatial  resolu¬ 
tion,  etc.  This  paper  deals  with  passive  t>pe  of  remote 
sensing  systems  or  with  radiometr)’  imaging  systems. 

These  modern  systems  require  high  spatial  resolution 
that  could  be  satisfied  by  two  ways;  1)  usage  of  im¬ 
proved  antenna  systems  or  2)  signal  or  image  process¬ 
ing  methods  applications.  Impact  of  antenna  system  on 
image  formation  quality  is  rather  high  though  the  in¬ 
fluence  of  this  system  on  parameters  of  image  forma¬ 
tion  system  in  general. 

Problem  of  aperture  geometry  impact  on  image  forma¬ 
tion  process  was  investigated  in  [1]  Therefore,  in  this 
paper  problem  of  aperture  field  distribution  and  phase 
distribution  influence  on  image  fomiation/rcstoration 
will  be  considered. 

Image  fonnation  in  remote  sensing  system  could  be 
written  by  means  of  the  following  integral  equation 

g(e,q>)  =  j|  /;(e',cp')/(e',cp'.0,(p)^'c?i>' .  (D 

Q 

where  g  is  a  received  image, /is  an  original  image,  h  is 
a  direction  fimetion  of  receiving  system,  0,  cp  are  the 
spatial  coordinates. 

For  radiometry  imaging  system  with  spatially  invariant 
direction  function  of  receiving  system  above  equation 
could  be  rewritten  as  follow 

g(0, <p)  =  JJ /?(0',  cp')/ (0  -  0',<P  “  ,  (2) 

or  in  matrix  form 

g  =  H*f,  (3) 

where  H  depends  on  aperture  amplitude  and  phase 
distribution. 


Fig.  1.  Test  image 


Impact  of  the  amplitude  distribution  will  be  considered 
on  the  base  of  the  following  example.  Three  different 
types  of  amplitude  field  distributions  (Fig.  2)  will  dis¬ 
tort  test  image  (Fig.  1). 


Fig.  2.  The  amplitude  field  distribution: 

(a)  uniform;  (b)  cos-distribution;  (c)  with  valley 

Distribution  (b)  and  (c)  were  defined  according  to  the 
following  equations,  respectively 

l(x,y)=^  col  In—  cos[27t-^  ,  (4) 

V  ^x)  V  / 

(l-«)+n  —  (l-a)  +  a  ,  (5) 

I  ^ A  J 

where  x,  y  are  coordinates  in  antenna  aperture,  pa¬ 
rameter  a  determines  the  valley  of  tlie  field  distribution 
and  was  chosen  a  =  0.1. 

Spatial  spectra  of  the  corresponding  aperture  for  radi¬ 
ometry  imaging  systems  are  the  Fourier  transform  from 
power  direction  pattern  and  are  shown  in  Fig.  3. 

Results  of  image  formation  by  antennas  are  presented 
in  Fig.4. 

Obtained  results  permit  to  conclude  that  aperture  that 
has  distribution  with  valley  (case  (c))  satisfies  the  pre- 
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a  b  c 

Fig.  3  Spatial  spectra  for  apertures  with  different  amplitude  distribution: 
(a)  uniform;  (b)  cos-distribution;  (c)  with  valley 


a  b  c 

Fig.  4.  Image  formation  by  antennas  with  different  aperture  distributions: 
(a)  uniform;  (b)  cos-distribution;  (c)  with  valley 


b 

Fig.  5.  Amplitude  and  phase  distributions  for  quadratic  (a)  and  cubic  (b)  phase  distortions 


serving  of  image  element  details  and  form  that  can  be 
explained  by  structure  of  high  frequency  part  of  an¬ 
tenna  spatial  spectrum  (less  suppression  of  high  spatial 
frequencies  in  comparative  with  another  cases). 

Problem  of  phase  distribution  in  antenna  aperture  is 
also  actual,  especially  in  radiometry  imaging  system 
with  synthesised  aperture.  Main  role  in  image  forma¬ 
tion  plays  quadratic  and  cubic  phase  distributions. 


Quadratic  phase  distortions  characterise  near  zone 
systems  and  are  named  as  defocusing.  They  can  be 
expressed  according  to  the  following  equation 


I(x,y)=Io  exp 


-J^2 


^  2x'^ 
K^x  J 


\^y ) 


,  (6) 
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where  1q  is  field  amplitude  distribution  (uniform),  O2 
is  maximum  phase  deviation  on  aperture  border. 

Cubic  phase  distortion  is  written  by  the  following  ex¬ 
pression 


1 

r 

/  \3 

^  \3^'l 

'h 

II 

0 

-0 

-y03 

Lv 

1 

K  y  J 

(7) 


Both  kinds  of  phase  distortions  for  tlie  case  of  uniform 
amplitude  distribution  are  shown  in  Fig.  5. 

Fig.  6  presents  the  results  of  test  image  fonnation  by 
means  of  antenna  with  mentioned  phase  distributions. 


b 
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Fig.  6.  Image  formation  by  antennas 
with  quadratic  (a)  and  cubic  (b)  phase  distributions 


In  tliis  paper  influence  of  amplitude  and  phase  distri¬ 
bution  on  image  formation  process  in  radiometry  im¬ 
aging  systems  was  investigated.  Results  of  carried  out 
simulation  could  be  applied  for  real  antenna  array 
analysis. 
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The  principle  of  synthesizing  of  the  apertures  is  v/idely 
knowTi  and  is  effectively  used  in  radar  imaging  s}'stems 
[1-3],  The  synthetic  apertures  enable  to  get  a  narrow 
radiation  pattern  (RP),  that  improves  a  resolution  of  the 
radar  system.  If  in  ordinary  antenna  systems  the  shap¬ 
ing  of  a  RP  occurs  instantly  and  depends  on  mutual 
arrangement  of  radiating  elements  and  parameters  of 
their  excitation,  than  in  synthetic  aperture  the  shaping 
of  a  RP  is  carried  out  in  time  by  a  relocating  of  the 
elementary  antenna  carrier  and  is  provided  by  the  ap¬ 
propriate  spatial-time  processing  in  the  system. 

Depending  on  the  t>pe  of  an  antenna  channel  single¬ 
station  radar  systems  and  coherent  multistaion  radar 
systems  are  distinguished.  The  mathematical  simula¬ 
tion  of  such  systems  allows  effectively  to  develop,  ana¬ 
lyze  and  optimize  algorithms  of  a  received  radar  infor¬ 
mation  processing. 

For  radar  systems,  which  work  on  the  single-station 
principle  with  angular  scanning  by  a  RP  the  simple  and 
effective  model  is  developed  [4],  In  such  systems  the 
quality  of  the  obtained  image  is  defined  in  a  greater 
degree  by  properties  of  spatial  filtering  of  the  antenna, 
namely  by  parameters  of  the  RP.  In  such  model  it  is 
inexpedient  to  take  into  account  time  process.  Mathe¬ 
matically,  such  model  is  represented  by  convolution  of 
a  spatially  distributed  scattering  ability  (SA)  with  point 
spread  function  (PSF),  which  is  dependence  on  spatial 
coordinates. 

In  space  and  airborne  active  radar  imaging  systems 
with  coherent  processing  -  synthesizing  of  the  aperture 
at  the  expense  of  relocating  of  the  elementary  antenna 
carrier  are  most  often  used  [3],  The  principle  of  such 
sj'stems  activity  consists  in  probing  of  researched  ob¬ 
jects  from  different  points  of  a  space,  and  appropriate 
consequent  coherent  summation  of  the  received  signals. 
The  systems  in  which  the  relocation  trajectory  is  close 
to  linear  are  most  often  used.  Schematically,  the  princi¬ 
pal  of  their  activity  is  shown  in  the  Fig.  1 .  The  advan¬ 
tage  of  such  systems  over  single-station  ones  consists  in 
their  abilitj'  to  provide  by  far  higher  resolution. 

A  special  feature  of  the  simulation  of  radar  systems 
with  coherent  processing  is  their  impossibility  to  repre¬ 
sent  separately  spatial  and  time  processes.  Analytically 
relation  between  a  function,  which  specifies  a  spatially 
distributed  SA  Q(x,y)  of  a  researched  object  and  the 


resulting  raw  image  /(x,y)  will  be  called  the  mathe¬ 
matical  model  of  the  system. 

The  well-known  methods  of  a  simulation  of  such  sys¬ 
tems  based  on  the  Radon  transformation  [5]  do  net 
allow  to  specify  completely  the  processes  at  the  synthe¬ 
sizing  aperture  and  is  their  simplified  mathematical 
models. 


Fig.  1.  Synthesizing  of  the  apertures 
in  radar  imaging  systems 


At  created  the  model,  plane  character  of  researched 
objects,  isotropic  scattering  of  points  and  an  absence  of 
secondary  reflection  on  a  surface  of  the  objects  are 
assumed.  Then  echo-signal  from  a  direction 

6  is  convolution  SA  Q(i,6)  in  the  direction  with  a 

probe  signal  : 

CO 

Secho(t,Q}  —  IF (6)  J Qit  —  X,Q)  ■  S probe(x)dx  .  (1) 

0 

A  coefficient  1F(0)  is  defined  by  spatial  filtering  fea¬ 
tures  of  the  radiating  elementary  antenna,  losses  K  at 
a  wave  propagation  and  complex  coefficient,  wliich 
depends  on  a  Doppler  shift  ^Doppler  in  given  di¬ 
rection 

W(Q)  =  K-  Frad.  (0)  •  ‘ ,  (2) 

where  Frad  (0)  -  RP  of  the  elementary'  radiating  an¬ 
tenna. 
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The  such  systems  feature  consists  in  this,  that  there  is 
the  Doppler  shift,  which  depends  on  a  propagation 
direction  of  the  signal  is  caused  by  the  carrier  velocity 
V: 

(3) 

where  -  carrier  frequency  of  a  signal  probe;  c  - 
velocity  of  a  wave  propagation. 

The  received  signal  in  the  /-th  position  of  probing  is 
defined: 

^i0}~  J  (0)  ■•Sec/i(3(t, 6)  r®  ,  {4) 

where  Free,  (6)  -  RP  of  the  elemcntaiy  receiving  an¬ 
tenna.  Then  for  spherical  coordinate  system,  which  has 
a  center  in  /-th  position  of  probing,  the  signals  on  an 
output  of  a  receiver  are  defined  by  the  expressions  (1), 
(2)  and  (4): 

jt/ 

/2  . 

Si{t)  —  K-  J"  jFrcc(6)‘Frarf(0)x  (5) 

X  e  '■  (/  -  -r.O)  •  Sproteix)  ■  , 

where  Sprohe(t)  -  complex  envelope  of  a  probe  signal; 
Q'(t,Q)  -  spatially  distributed  SA  of  a  researched 
object,  which  is  represented  in  a  spherical  coordinate 
system  with  a  center  in  /-th  position  of  probing. 

The  resulting  radar  information  is  represented  by  the 

set  Si{f)  of  the  received  samples  in  different  positions 
of  probing. 

The  process  of  synthesizing  of  the  aperture  consists  in 
coherent  summation  of  the  received  samples.  The  sig¬ 
nal  of  the  synthetic  aperture,  which  consists  of 
{IN  + 1)  elements,  is  could  analytically  represented  by 
a  sum  of  tlie  complex  samples  with  appropriate 

weighting  coefficients  C  j : 

k+N 

Uk(t)=  YCjSjit).  (6) 

J=k—N 

The  coefficients  C  j  are  by  an  equivalent  of  distribution 
of  a  current  in  the  synthetic  aperture.  If  a  law  of  varia¬ 
tion  of  the  coefficients  is  provided  to  be  necessary  we 
can  form  the  different  RP  in  the  synthetic  aperture, 
define  a  direction  of  a  lobe  of  the  RP,  or  focus  of  tlie  RP 
on  a  defined  distance. 


The  expressions  (5)  and  (6)  represents  an  anal>tical 
model  of  radar  imaging  system.  A  resulting  raw  image 
I{x,y)  correspondes  to  tlie  set  of  the  complex  vari¬ 
ables  ilk.l ,  which  are  defined  in  discrete  samples  of  a 
time  I  =  t/At . 

The  created  model  (5)  and  (6)  represents  relationship 
between  tw'O  coordinate  systems: 

•  movable  spherical  coordinate  system,  where  it  is 
convenient  to  describe  the  spatial-time  features  of 
the  radar  receiving  and  transmitting  channel; 

•  stationary  rectangular  coordinate  system,  where  the 
spatially  distributed  SA  of  a  researched  object  is 
represented. 

A  numerical  simulation  requires  to  use  interpolation 
methods  at  a  transition  between  both  of  this  discretiza¬ 
tion  grids  in  the  appropriate  coordinate  systems. 

The  linearity  of  the  model  (5)  and  (6)  gives  possibility 
to  characterize  of  radar  systems  with  synthetic  aperture 
by  a  point  spread  function  (PSF)  [6],  The  created  model 
was  used  for  the  search  of  a  response  of  tlie  system  at 
SA  by  way  of  the  unit  impulse.  It  is  assumed,  that  an 
envelope  of  the  probe  signal  has  a  form  of  the  gaussian 
pulse. 

The  processes  in  a  far  zone  and  fresnel  zone  needs  to  be 
precisely  separated  in  the  radar  systems  with  synthetic 
aperture.  Results  of  the  research  denote  a  variation  of  a 
fonn  of  spatial-time  point  spread  function,  wliich  de¬ 
pends  on  the  coordinates  of  a  researched  object: 

•  the  far  zone  is  defined  by  a  phase  incursion  at  the 
aperture  edges  at  tlie  expense  of  the  change  of 
range,  which  is  less  than  tt/ 4 ; 

•  the  fresnel  zone  is  defined  by  a  phase  incursion  at 
the  synthetic  aperture  edges  at  the  expense  of  the 
change  of  range,  which  is  more  tlian  n/4 . 

In  the  far  zone  the  quadratic  phase  incursion  do  not 
result  in  the  significant  degradation  of  a  resolution.  The 
coherent  optimal  summation  can  be  performed  without 
a  compensation  of  the  phase  incursions.  The  result  of 
synthesizing  of  the  aperture,  which  is  composed  of  5 
elementary  antennas  is  represented  by  the  spatial-time 
PSF  and  tlie  RP  of  the  radar  system  in  the  Fig.  2. 

An  enhancement  of  effective  width  of  the  synthetic 
aperture  gives  rise  to  an  apparition  of  significant  quad¬ 
ratic  phase  incursion.  At  tlie  coherent  summation  of  the 
received  signals  the  existing  of  the  phase  incursions 
and  the  time  delay  should  is  compensated  by  choosing 

of  the  appropriate  coefficients  C  /  for  tlie  reception  of  a 
high  resolution  in  the  fresnel  zone.  The  spatial-time 
PSF  and  the  equivalent  RP  is  represented  in  the  Fig.  3 
for  synthetic  aperture,  wliich  composed  with  100  ele- 
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mentaiy  antennas  and  the  phase  incursion  is  compen¬ 
sated  at  the  coherent  processing. 

Without  the  compensation  of  the  phase  incursion  the 
extension  of  the  RP  of  synthetic  aperture  is  passed.  It  is 
represented  by  tlie  Fig.  4. 


m 


Fig.  2.  The  spatial-time  PSF  and  the  RP  at  the 
synthesizing  of  the  aperture  with  5  elementary  antennas 
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Fig.  3.  The  spatial-time  PSF  and  the  RP  at  the 
synthesizing  of  the  aperture  with  100  elementary 
antennas  and  the  compensated  phase  incursion 


Fig.  4.  The  spatial-time  PSF  and  the  RP  at  the 
synthesizing  of  the  aperture  with  100  elementary 
antennas  without  compensation  of  the  phase  incursion 


The  results  of  the  simulation  processes  at  the  radar 
imaging  are  represented  in  the  Fig.  6,  7  for  the  test 
mode!  SA  (Fig.  5)  by  the  radar  systems  with  synthetic 
aperture  and  coherent  spatial-time  processing. 

The  possibility  of  an  obtaining  of  the  narrow  enough 
RP  of  the  syntlietic  aperture  at  the  expense  of  optimal 
spatial-time  processing  with  compensation  of  the  quad¬ 
ratic  phase  incursion  and  time  delays  is  confinned  by 
the  results  of  the  simulation.  It  is  allows  to  provide  the 
high  resolution  of  the  radar  imaging  systems  with  syn¬ 
thetic  aperture  and  obtain  a  high  quality  radar  images. 


Fig.  6.  The  obtained  raw  radar  image  l(x,y)  by 
synthetic  aperture  with  5  elementary  antennas 


Fig.  7.  The  obtained  raw  radar  image  l(x,y)  by 
synthetic  aperture  with  100  elementary  antennas 
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This  paper  presents  results  of  thecomplex  researches  of 
Phased  Array  Antennas  (PAAs)  for  the  MMW-band’s 
short-wave  subband  based  on  the  nontradifional  ap¬ 
proach  to  designing  the  anrenna’s  aperture  when  using 
multilayer  semiconductor  structures  with  optically  or 
electronically  steerable  electrophysical  parameters. 

The  MMW  PAAs  (30  to  300  GHz)  are  analyzed,  which 
are  based  on  the  similarity  principle  (extension  of  the 
cm-wave  antenna  design  principles  to  the  MMW  an¬ 
tenna  system  design  principles),  on  using  of  steerable 
lens  antennas,  on  surface-to-volume  wave  conversion 
effect,  on  using  of  a  steerable  impedance  aperture.  In 
addition,  gallium-arsenide  and  indium  phosphide  tech¬ 
nologies  for  monolithic  PAAs  containing  the  antenna, 
phasing  and  TR  modules  combined  on  a  single  ship  are 
analyzed.  To  design  electronically  scanned  Antenna 
Arrays  (AAs)  of  the  MMW-band’s  short-wave  subband 
(k  =  2  to  4  mm),  it  is  reasonable  to  use  the  nontradi- 
tional  approch  in  which  the  steerable  impedance  aper¬ 
ture  is  used  to  fonn  AA  elements  and  to  steer  electro¬ 
magnetic  field.  This  aperture  is  realized  as  a  multilayer 
semiconductor  stnicture  on  which  the  antenna  array 
structure  with  a  required  amplitude-phase  distribution 
is  formed  under  the  steering  optoelectronic  effect. 

When  analyzing  interaction  of  microwave  field  with  the 
semiconductor  stnicture,  the  boundaries  of  emplojing 
the  classical  macroscopic  approach  using  electrophysi¬ 
cal  parameters  s,  p,  a  are  determined.  The  cutoff  fre¬ 
quency  up  to  which  the  macroscopic  approach  may  be 
used  corresponds  to  the  submillimeter  wave  band. 
Analysis  of  interaction  of  the  semiconductor  structure 
with  a  steering  optical  emission  (electron  flow)  showed 
that  the  optical  emission  level  7  >  1  W/cm^  (electron 
flow  density 7  >  0.1  mA/cm^)  is  needed  for  forming  and 
steering  the  antenna  aperture’s  elements  based  on  the 
semiconductor  structure.  The  described  forming  and 
steering  method  is  reasonable  throughout  a  wave  band 
of  about  1  mm  to  4  cm. 

For  the  MMW  PAA  with  linear  and  elliptical  polariza¬ 
tions,  base  radiators-phase  shifters  are  proposed  which 
may  be  formed  through  using  the  array  antenna’s  semi¬ 
conductor  aperture  via  combining  tlie  processes  of 
steering  electronically  and  optically  the  electrophysical 
parameters  of  the  semiconductor  structure  with  a  tech¬ 
nology  of  forming  the  array  anterma  elements  (radia¬ 


tors-phase  shifters)  on  tlie  aperture.  A  “negative” 
method  of  array  antenna  element  forming  was  studied 
which  decreases  the  steering  optoelectronical  system 
power  by  a  factor  of  10  to  50.  In  this  case,  the  array 
antenna  efficiency  r]  =  0.35  to  0.45;  it  is  suitable  for 
multielement  array  antennas  throughout  the  MMW- 
band’s  short-wave  subband  (2  to  4  mm). 

A  field-emission  cathode  steering  system  (Fig.  1),  an 
electron-beam  steering  system  (with  dot  (symbol)  re¬ 
cording),  and  an  optical  steering  system  are  discussed 
for  the  selected  array  antenna  design  and  its  semicon¬ 
ductor  aperture’s  physical  and  electrodynamical  char¬ 
acteristics.  Analysis  of  the  steering  systems’  character¬ 
istics  have  shown  that  these  systems  may  be  used  for 
forming  and  steering  tlie  AA  elements  tliroughout  tlie 
MMW-band’s  short-wave  subband. 

Algoritlimization  of  a  base  task  of  electromagnetic 
scattering  by  steerable  impedance  structures  built  on 
the  basis  of  a  semiconductor  dipole  with  a  steerable 
stub  (“positive”  forming  method)  and  of  a  slot  in  a 
semiconductor  stnicture  (“negative”  forming  method) 
which  form  constituent  parts  of  tlie  AA  was  carried  out. 
The  algorithmization  includes:  formulation  of  the  scat¬ 
tering  task  as  a  functional  equation  with  more  exactly 
defined  boundaiy  conditions  in  regard  to  the  steerable 
elements’  currents  and  the  task  solving  by  iteration 
methods  (simple  iteration  method,  minimum  error 
method,  steepest  descent  method)  with  selected  stop¬ 
ping  rules. 

An  aplication  program  package,  developed  in  accor¬ 
dance  with  tlie  developed  algorithm  and  tested,  made  it 
possible  to  analyze  how  main  parameters  and  charac¬ 
teristics  of  the  impedance  dipole  with  the  steerable  stub 
(“positive”  forming  method)  and  of  the  slot  in  the  im¬ 
pedance  structure  (“negative”  forming  method)  which 
fonn  parts  of  the  AA  depend  on  dimensions  of  the 
elements,  on  geometrical  and  electrophysical  parame¬ 
ters  of  tlie  semiconductor  structure,  and  on  the  scan 
angle.  In  addition,  tlie  application  package  made  it 
possible  to  carry  out  parametric  optimization  of  such 
structures  for  tlie  purpose  of  eliminating  the  effect  of 
AA  “blinding”.  The  proposed  array  antennas  designed 
on  the  basis  of  optically  steerable  impedance  structures 
make  it  possible  to  obtain,  due  to  a  finite  conductivity 
of  the  semiconductor  structure,  an  efficiency  of  about 
0.75  for  the  “positive”  method  of  AA  element  forming 
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Fig.  1.  Design  of  Steerable  PAA  with  Field-Emission  Cathode  Control  System 


and  of  about  0.35  to  0.45  for  the  “negative”  AA  ele¬ 
ment  forming  method  which  reduces  tlie  optoelectronic 
steering  system  power  by  a  factor  of  10  to  50.  This  is 
acceptable  for  multielement  AAs  throughout  the 
MMW-band’s  short-wave  subband  (2  to  4  mm). 

An  experimental  setup  using  an  optical  steering  system 
and  a  steerable  semiconductor  (cadmium  sulphide) 
aperture  was  developed  and  tire  following  parameters 
and  characteristics  were  measured  in  a  frequency  band 
of  26.8  to  37.6  GHz:  the  semiconductor-structure’s 
reflection  coefficient  for  different  values  of  the  steering 
light  flux  intensity,  the  semiconductor  structure’s  and 
the  array  antenna’s  patterns  and  gains  (for  the 
“positive”  and  “negative”  forming  methods)  for  differ¬ 
ent  values  of  the  steering  light  flux  intensity.  The  array 
antenna’s  efficiencies  were  detennined,  Due  to  heat 
loss  caused  by  the  semiconductor  aperture’s  impedance 
behaviour,  the  efficiencies  were  riPOS  =  0.6  to  0.65  and 
riNEG  =  0.6  to  0.32,  respectively.  Design  values  of  the 
efficiencies  were  0.68  and  0.3,  respectively.  Design 
values  of  the  efficiencies  were  0.68  and  0.3,  respec¬ 
tively  (design  values  for  silicon  are  0.75  and  0.45), 
which  is  quite  acceptable  for  multielement  AAs  in  the 
MMW  band’s  short-wave  subband  (2  to  4  mm). 


Technical  solutions  which  can  be  used  to  implement 
phased  array  antennas  for  the  MMW-band’s  short-wave 
subband  (2  to  4  mm)  make  it  possible  both  to  improve 
functional  capabilities  and  characteristics  of  electronic 
systems  for  traditional  applications  (search  and  fire- 
control  short-range  radars,  communications  systems, 
metrology  and  others)  and  to  extend  tlie  field  of  non- 
traditional  applications  (short-range  radio-vision  sys¬ 
tems,  runway  monitoring  systems  etc.). 

REFERENCES 

1.  Grinev  A.  Yu.,  Zaikin  A.  E.  Electrodynamical 
Analyses  of  Millimeter  Waveband  PAA  with  Opti¬ 
cal  and  Electron-Beam  control,  //Radioteclmika  i 
Electronika,  1996,  v.41,  ‘5,  pp.  633-638  [in  Rus¬ 
sian). 

2.  Grinev  A.  Yu.,  Zaikin  A.  E.  Opto(electron)- 
controlled  VHF  Band  Array  Antennas 
//Radiotechnika,  1995,  ‘8,  pp.21-25  [in  Russian). 

3.  Grinev  A.  Yu.,  Zaikin  A.  E.  VHF  Band  Phased 
Array  Antennas  with  Optical  and  Electron-beam 
Control  System,  //Izv.  vuzov  Radioelectronika, 
1993,  V.35,  '5,  pp.  3-17  [in  Russian). 


Proceedings  of  the  3rd  International  Conference  on  Antenna  Theory  and  Techniques,  Sevastopil,  Ukraine,  8-11  Sept.  1999 


239 


PATTERN  SYNTHESIS  OF  ANTENNA  ARRAY 
WITH  DIGITAL  PHASE  SHIFTERS 

N.  V.  Shcherbakov,  I.  V.  Norinchuk 

Kharkov  Military  University,  Svoboda  sq.,  6,  Kharkov,  310043,  Ukraine 
Tel.  (0572)  40-41-41  add,  2-85 


One  of  the  problems  in  the  design  work  of  phased 
arrays  is  the  one  taking  into  account  phase  shifter  dis¬ 
creteness.  Usually  this  problem  is  solved  by  means  of 
finding  the  required  continuous  phase  distribution  and 
subsequent  its  rounding-off  according  to  phase  shifter 
discreteness.  Such  an  approach  is  very  simple  but  it 
often  leads  to  non-optima!  results,  especially  in  the  case 
of  large  shifter  discreteness.  Therefore,  the  problem 
arose  to  find  the  so-called  discrete  methods  of  phase 
synthesis  that  would  allow  to  take  into  account  the 
problem  discrete  nature  more  efficiently.  From  the 
mathematical  point  of  view,  these  are  the  methods  of 
finding  the  extremums  of  quite  complicated  functions 
in  discrete  space  of  search.  Nowadays  there  is  no  the 
developed  technique  of  such  a  task  solving  so  it  can  be 
solved  by  different  methods.  In  this  paper  it  is  proposed 
to  use  genetic  algorithms  (GA)  to  solve  the  problem  of 
discrete  phase  synthesis  because  just  these  algorithms 
can  easily  be  applied  to  the  problems  of  optimization 
for  complicated,  multiextreme,  nondifferentiable  func¬ 
tions  as  well  as  for  discrete  search  space  [l] .  The  work 
is  intended  to  show  the  advantages  of  the  discrete  phase 
synthesis  method  in  comparison  with  classical  method 
of  continuous  solution  rounding-off  and  to  investigate 
the  possible  ways  of  more  rational  computation  when 
using  genetic  algorithm  for  phased  array  s>'nthesis. 

The  process  of  optimal  solution  search  in  GA  resembles 
the  nature  evolution  process.  As  in  animate  nature, 
natural  selection,  reproduction  and  mutations  occur  in 
GA's.  But  the  evolution  direction  of  optimization  object 
is  specified  by  the  researcher.  The  genetic  algoritlim 
used  in  this  work  is  based  on  the  proposed  in  [2]  real- 
coded  GA  modified  for  the  discrete  phase  synthesis 
task. 

Note  that  in  general  case  the  problem  of  antenna  syn¬ 
thesis  consists  of  two  stages: 

1. The  synthesis  criterion  selection. 

2. The  optimization  criterion  problem  solution  accord¬ 
ing  to  the  selected  criterion. 

Let's  consider  the  possibility  of  applying  GA  to  the 
optimization  problem  solution  on  some  test  example. 
As  an  criterion  we'll  select  the  characteristic  for  synthe¬ 
sis  tasks  requirement  to  reduce  the  sidelobe  level  (SLL) 
in  some  specified  sector.  The  task  of  reducing  SLL  in 
the  sector  of  angles  5°  ^  0  <  8°  of  equidistant  antenna 
array  with  the  number  of  elements  N  =  100  and  tlie 


distance  between  elements  d  =  0.7 -L  was  considered  as 
a  test  one: 

min  maxi  F(0,cp)  I ,  (1) 

where  $  is  a  phase  distribution  vector;  F(0,$)  is  tlie 
normalized  antenna  array  pattern;  Q  is  the  given  area 
in  the  sidelobe  sector. 

Consider  the  results  of  optimization  problem  (1)  solu¬ 
tion  for  different  phase  shifter  bit  capasity  and  compare 
them  with  the  results  obtained  by  rounding-off  continu¬ 
ous  solving  the  phase  sjmthesis  problem.  In  Table  1  the 
results  are  presented  of  solving  this  problem  by  discrete 
method  for  different  discreteness  by  five  GA  starts  with 
the  number  of  iterations  =  500 . 


Table  1 


Start 

number 

1 

2 

1 

3 

4 

5 

SLL,  dB 

Aep  =  45° 

-34.4 

-36.9 

-38.9 

-36.1 

-31.7 

SLL,  dB 

Aep  =  90° 

-36.1 

-37.3 

-36.1 

-36.1 

-34.7 

SLL,  dB 

Aep  =  180° 

-35.8 

-35.9 

-34.3 

-33 

-35.9 

For  a  faster  convergence  in  all  starts  each  vector  of 
initial  population  phase  distribution  was  formed  with 
the  GA  with  the  small  number  of  iterations 
(^iter  =50).  For  comparison  Table  2  gives  five  solu¬ 
tions  obtained  by  the  method  of  continuous  syntliesis 
rounding-off.  When  comparing  we  can  see  that  even 
the  worst  result  of  discrete  synthesis  exceeds  the  best 
result  of  rounding-off  method  by  3  dB  for  the  discrete¬ 
ness  A(p  =  90°  and  by  4.3  dB  for  Acp  =  180°.  When 
solving  such  a  complex  multiextreme  tasks  it  is  very 
difficult  to  find  a  global  extremum.  At  the  same  time 
the  results  can  be  farther  or  closer  to  a  global  extre¬ 
mum.  It  is  clear  that  the  closer  the  results  of  optimiza¬ 
tion  methods  to  a  global  extremum  the  better  the 
method  is.  In  order  to  evaluate  approximately  the  con¬ 
sidered  phase  synthesis  methods  we'll  define  the  mean 
value  of  attained  sidelobe  level  in  the  specified  SLL 
sector  given  by 

f^SLL^ 

SLL^,an=- -  .  (2) 

n 
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where  SLLi  is  the  sidelobe  level  in  the  specified  angle 
sector  attained  in  i-th  start  of  optimization  algorithm 
(for  deterministic  optimization  method  all  the  values  of 
SLLj  are  equal );  n  is  the  number  of  starts. 


Table  2 


Start 

number 

1 

2 

3 

4 

5 

SLL,  dB 
Continuous 
synthesis 

-38.4 

-35.9 

-39.5 

-34.9 

-39.8 

SLL,  dB 

Aep  =  45° 

-28.9 

-33.3 

-38 

-29.9 

-38 

SLL,  dB 

Aep  =  90° 

-22.4 

-31.6 

-31.7 

-31.7 

-31.7 

Tabic  3  presents  the  values  of  obtained  by  the 

discrete  synthesis  and  rounding-off  methods.  From  the 
data  analysis  it  follows  that  the  mean  value  of  S.LL  in 
given  sector  obtained  by  the  discrete  phase  sjnthesis 
method  is  less  than  the  one  obtained  by  the  rounding- 
off  method  by  2  dB  for  the  discreteness  Aep  =  45° ,  by 
6.3  dB  for  Aep  =  90°  and  by  10.5  dB  for  Aep  =  180°. 


Table  3 


Discreteness 

by  rounding- 
off  method 

by  discrete 
metliod 

Aep  =  45° 

-33.6 

-35.6 

Aep  =  90° 

-29.8 

-36.1 

> 

-S 

II 

00 

o 

0 

-24.4 

-34.9 

Since  GA's  drop  in  a  class  of  stochastic  methods  of 
global  optimization  the  achievement  of  an  optimal 
solution  is  of  probability  character.  It  means  that  prob¬ 
ability  of  the  best  result  attainment  increases  with  the 
number  of  iterations.  Taking  into  account  this  and  also 
the  fact  that  to  perform  such  calculations  it  is  necessary 
to  have  relatively  much  time  (about  an  hour  and  a  half 
when  using  AMD  K6/233  MHz)  the  problem  of  accel¬ 
erating  the  algorithm  becomes  of  high  priority.  There¬ 
fore,  some  attempts  were  made  to  improve  the  results  of 
discrete  synthesis.  These  attempts  were  executed  in 
several  directions.  The  first  direction  is  to  increase  the 
population  size.  Calculations  were  carried  out  for 
Npop  =  10,20,30,40 .  The  number  of  iterations  was 

chosen  such  that  it  could  provide  the  approximate 
equality  of  computation  total  time.  The  result  essential 
improvement  was  not  achieved. 

The  second  direction  was  connected  with  sequential 
discreteness  reduction.  Here  at  first  the  problem  of 
discrete  synthesis  for  Aep  =  180°  is  solved.  Such  a  solu¬ 
tion  we  have  already  obtained  and  it  is  in  the  last  line 
of  the  Table  1.  Using  each  of  the  obtained  results  for 
initial  population  formation  the  problem  of  discrete 
phase  synthesis  for  Aep  =  90°  has  been  solved.  The 


obtained  results  in  turn  were  used  when  forming  the 
initial  populations  to  solve  tlie  problem  with  the  dis¬ 
creteness  Aep  =  45°  .  For  discreteness  Aep  =  90°  the  best 

result  was  reduced  by  0.3  dB  and  for  Aep  =  45°  -  by  0.8 
dB  with  approximately  the  same  computation  time. 

And  the  third  direction  is  to  split  the  array  into  n 
blocks  in  which  the  phase  values  are  assumed  to  be 
equal.  Gradually  reducing  the  values  of  n  (10,  5,  I 
with  discreteness  Aep  =  90° )  we  proceed  to  initial 
problem.  The  results  obtained  in  such  a  way  didn't 
exceed  the  previous  results. 

Thus,  the  analysis  of  told  above  enables  to  draw  the 
following  conclusions.  In  most  cases  the  results  ob¬ 
tained  by  discrete  phase  synthesis  method  are  noticea¬ 
bly  (to  10  dB)  better  than  the  results  of  continuous 
solution  rounding-otf.  And  the  advantage  from  using 
discrete  method  becomes  more  noticeable  with  dis¬ 
creteness  increase. 

It  is  shown  that  solving  a  discrete  phase  synthesis 
problem  with  sequential  discreteness  reduction  gives  as 
a  whole  some  improvement  (to  0.8  dB).  The  antenna 
array  division  into  blocks  with  an  equal  phase  distribu¬ 
tion  allows  to  reduce  substantially  computation  time  of 
one  GA  iteration.  Reducing  the  block  dimensions 
gradually  we  obtain  satisfactory  results  with  essential 
economy  in  time.  This  pennits  either  to  increase  the 
total  number  of  iterations  to  attain  more  qualitative 
solution  or  to  use  such  an  algorithm  variant  to  solve  the 
problems  of  large  dimensions  (up  to  1000  elements  in 
array). 

Unfortunately,  even  applying  GA  to  the  solution  of 
optimization  problems  the  authors  didn't  succeed  in 
finding  global  extremums  at  each  stage  of  solving  test 
example.  Nevertheless  the  results  obtained  by  the  pro¬ 
posed  method  firstly  have  higher  stability  as  compared 
to  the  method  of  rounding-off  and  secondly  they  are 
close  enough  to  optimal  results. 
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The  modem  technology  of  radar  and  mobile  communi¬ 
cations  systems  is  adaptive  digital  beam  forming.  When 
considering  the  multi  coordinate  digital  beam  forming 
in  radar  and  communication  systems  with  nonidentical 
channels  of  antenna  arrays  there  is  a  problem  of  com¬ 
pact  matrix  record  of  the  receiving  channels  responses. 
To  solve  the  given  problem  it  is  proposed  to  operate 
with  a  special  type  of  tlie  matrices  product,  named  by 
tlie  author  as  "penetrated"  and  "generalized  face¬ 
splitting"  products. 

According  to  the  definition  [1],  for  pxg-matrix  A  and 
pxgn-matrix  B  with  pxg-blocks  (B  =[Bn])  their  pene¬ 


Q  = 


Qii  (x,y) 
Q21  (x,y) 


Qi2  (x,  y) 
Q22  (x,  y) 


Qir  (x,y) 
Q2R  _(x,  y) 


LQri  (x,y)  Qr2  (x,y)  •••  Qrr  (x,y) 


is  the  matrix  of  tlie  directivity  characteristics  of  primarj' 
channels  in  azimuth  and  elevation  angle  planes  (can 
not  be  factorized), 


•••  Fir.i(c^ 

')i  |Fiig(®) 

-  Firg(6 

Fru(®) 

Frri(^ 

*)'  1Frig(®) 

•••  Frrg  (< 

'’I 

trated  face-splitting  product  ASB  isthepxgn-block- 
matrix[AoBn],  where  "0"  -a  symbol  of  Adamar 
splitting.  Bn  —  is  a  pxg-block  of  matrix  B: 


is  the  block-matrix  of  amplitude-frequency  characteris¬ 
tics  meanings  Fnjng  (ro)  of  G  filters  for  RxR  noniden¬ 
tical  receiving  channels  (Fng  («  )’^FrTg(<B)); 


AiiiB=[AoBilAoE2l-"iAoB„|--]  or  AiiB  = 

AoBj 
A  0B2 

AoBf, 

QoFg  = 

Qii(x,y)Fiig(®)  •••  QiR(x,y)FiRg(fo) 
Q2i(x,y)F2ig(®)  Q2R(x,y)F2Rg(®) 

-  ■  - 

Qri  (x,y)FRig(ffl)  QRR(x,y)FRRg(m) 

The  example: 
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,  AiaB  = 
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As  an  example,  the  response  of  three-coordinate  flat 
digital  anterma  array  of  RxR  elements  can  be  written 
down  through  penetrated  face-splitting  product  of  ma¬ 
trices  as  (without  noise): 

U=  a-(Q®F)=a-[QoFilQoF2l-lQ°Fr 
where  -a  —  is  a  complex  signal  amplitude. 


U  -  block-matrix  of  voltages  of  the  channels  responses. 

To  select  a  single  source  on  four  coordinates  (azimuth, 
elevation  angle,  frequency  and  range)  the  response  of 
digital  antenna  array  can  be  written  down  through 
generalized  face-splitting  product  or  generalized  trans¬ 
posed  face-splitting  product  (the  theory  of  face-splitting 
products  is  presented  in  [1-4]).  According  to  the  defi¬ 
nition,  for  block-matrices  A  =  [a  y  ]  and  B  =  [b  jg  ] 

with  pxg-  blocks  their  generalized  face-splitting  prod¬ 
uct  Ad  B  is  the  block-matrix 

[AjjlS^j]  Bj2  •••  Bjg  ••■J  . 

The  example: 
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The  alternative  to  the  above  considered  is  a  generalized 
transposed  face-splitting  block-matrices  product: 


A"B=  Ajj® 

L^Gjl 

For  example,  it  can  be  written  dowi: 

Ajj  Aj2  ■  Ajj  B,i  Bj2  •••  Big 

AiB=  = 

Apj  Ap2  •  ■  •  Apj  _  Bpi  Bp2  •  •  •  BpG 
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The  response  of  four-coordinate  flat  digital  antenna 
array  with  RxR  nonidentical  channels  can  be  present  as 
(without  noise): 

U  =  (q  ffi  {5  DFjj-a-Q  ®[Si®F  |S2®F|--|Sr®F]-a, 

where 


Siii(z)  •••  S]iii(z) 

Srii(z)  •••  Srr](z) 


Siij(z)  SiRy(z) 

Srit(z)  •••  Srrt  (z) 


is  the  matrix  of  the  responses  of  single  signal  in  T 
range  gates  (all  channels  have  nonidentical  radio  im¬ 
pulse  curve  Sjit  (m)  ^  Sj-it  («))• 

The  alternate  to  considered  above  variant  of  analytical 
model  of  four-coordinate  radar  with  flat  digital  antenna 
array  is 

U  =(q  ffl  ^  "Fjj  a^Q  ffl  ~_ZTZ  a, 

S'J’  ®  F 


Siu(z) 

SiRi(z.) 

Srii(z) 

Srri(z) 

SiiT(zj 

•••  SiRxizj 

Srit(z) 

•••  Srrt  (z) 

Fj|,(<u)  ■■■  Fu,[(a.) 

_  „  ,  ra.l 

F=F''=|F,l...|Fof .  «  J  . 

F2J  BixsH  FirgH 

Frig(®}  •••  Brrg(®) 

"R"  is  the  symbol  of  block-rotation  (this  new  block- 
matrix  operation  is  proposed  by  author). 

With  tlie  considered  matrices  models,  on  tlie  basis  of 
Neudecker's  matrix  derivative  [3,4]  an  information 
Fischer's  block-matrix,  describing  the  accuracy  of  joint 
estimation  of  angular  coordinates,  range  and  frequency, 
is  obtained: 


pT  .p 


■  p 

a-  —  -P 

Uy 


>T  ep 


apy,.  *  ,  ,ep  ’ 


where  IptRTG 
dP 

RxRxTxG.  — 


-  a  unit  matrix  of  dimension 
Neudecker's  derivative  of  matrix  P 


on  vector  Y  formed  of  unknown  estimations  of  angular 
coordinates,  range  and  frequency  of  sources, 

P=:Q®^'SF  orp  =  Q  m  ^  . 

To  analyse  multistatic  radar  systems  the  following 
matrix  model  (witliout  noise)  can  be  used: 


Sn  -  S 
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P  is  a  number  of  radar  position. 
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In  the  general  case,  for  multiple  signals  the  modeling 
concept,  based  on  using  of  block  generalized  face¬ 
splitting  product  (symbol  "  ®  ")  and  block  generalized 

transposed  face-splitting  product  (symbol  "  ® ")  can  be 
proposed.  According  to  the  definition, 

A  ®  B  =  [Abg S ,  A  ®  B  =  [Abg  - . 


The  example: 
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The  model  of  four-coordinate  radar  witli  flat  digital 
antenna  array  in  multisignal  case  can  be  written  as: 

u-(q  ®(s®f))(a®1r), 


where  A  is  the  vector  of  complex  amplitudes  of  signals 
of  I  sources, 
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1r  is  a  unit  matrix  of  dimension  R;  ®  —  sjnnbol  of 
Kronecker's-  products  of  matrixes. 
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Usually  a  problem  of  correction  of  a  digital  antenna 
array  (DAA)  channels  characteristics  is  solved  by  ap¬ 
plying  an  external  pilot-signal  or  additional  diversing 
of  control  signal  with  respect  to  radio  frequency'. 

To  minimize  tlie  hardware  expenditures  it  is  proposed 
to  use  unnominal  heterodyne  operational  mode,  which 
consists  in  changing  the  excitation  conditions  in  a 
control  period  so  to  cause  the  generation  of  parasitic 
broadband  or  multimode  signals.  At  the  same  time  it  is 
necessary  to  provide  stable  arising  of  intermediate  fre¬ 
quency  oscillation  at  mixer's  output.  In  the  event  of  a 
narrow  pass  band  of  intermediate  frequency  amplifiers 
such  signal  is  quite  suitable  for  equalization  of  complex 
transfer  characteristics  of  receiving  channels. 

As  a  correction  procedures  it  is  proposed  to  use  a 
method  [1],  according  to  which  the  correction  process 
is  consisted  in  weighing  the  digital  voltages  in  receiv¬ 
ing  channels  be  complex  weight  coefficients  which 
quadratic  components  have  been  calculated  for  a  set  of 
N  readings 


^  ^  ,  r 

z  y  af  -  z  y  af 
■  1  ‘  -1 


N 

RQ  Z 
/  =  l 


''7/ 


^rq  ’  ^rq  — quadratic  components  of  response  of  the 

rgth  primary  DAA  channel  in  tlie  /th  time  interval,  , 
Xg  —  generalized  coordinates  of  calibrating  source 
with  respect  to  DAA  nonnal,  X  —  wavelength  of  cali¬ 
brating  source  carrier,  ,dg  —  the  distance  between 

array’s  elements  in  a  row  and  in  a  column  correspond¬ 
ingly,  R,Q  —  number  of  array's  elements  in  a  row  and 
in  a  column,  p,  e  —  angle  coordinates  of  the  cali¬ 
brating  source  with  respect  to  DAA  normal, 

sin(x,  , 

r=l  <7=1 

cos(x,  sin(x,  +x,)  . 

^  r=l  q=\ 


In  tlie  considered  case  the  expressions  for  the  correction 
coefficients  can  essentially  become  simpler  if  the  cali¬ 
brating  source  (heterodyne)  is  placed  in  the  array  plane. 


Fig.  1 


where  —  quadratic  components  of  correc¬ 

tion  coefficient  of  the  rqih  primary  DAA  channel  situ¬ 
ated  in  the  rth  row  of  <7th  column, 

y'q.  =  ^rq,  +  ^q)+Kg, 

"""  ""  T  sin  p  •  COS  e 


The  proposed  approach  has  been  tested  on  a  working 
model  of  the  8-element  digital  antenna  array  made  in 
1989  by  a  team  of  scientists  of  the  former  Academy  of 
Anti-aircraft  Defence  of  Ground  Forces  (Kiev)  headed 
by  Dr.  Sci.  Prof  V.A.Vaijukhin.  An  appearance  of 
model's  elements  is  shown  in  Fig.  1-4.  Fig.  1  shows  a 
microwave  part  of  the  array  with  a  heterodyne  block  (to 
the  left).  A  set  of  the  digital  receiving  modules  is 
shown  in  Fig.  2  (to  the  left).  Fig.  3  shows  the  outputs  of 
digital  filters  of  quadratures  diversing,  from  which 
signals  are  applied  to  a  bufier  storage  and  adapter  of 
the  central  computer  (Fig.  4). 
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Fig.  2 


REFERENCES 

1.  Patent  of  Russ.  Fed.  N  imiG%  H  01  Q3/36,  G  01 
R  29/10.  A  way  of  amplitude-phase  characteristics 
correction  of  primary  channels  of  plane  digital  an¬ 
tenna  array.  Slyusar  V.I.,  Pokrovskij  V.I.,  Sakhno 
V.F.,  priority  16.10.92,  piibl.  27.01.98. 


Fig.  3 


Fig.  4 


The  e.xperimental  results  ha^’e  confirmed  the  effective¬ 
ness  of  the  proposed  method  of  promt  correction.  But 
however,  the  problem  of  technological  optimization  of 
reliable  heterodyne  changing  over  into  unnominal  op¬ 
erational  mode  and  its  reset  requires  further  investiga¬ 
tions. 
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ABSTRACT 

In  this  paper  the  analysis  of  tlie  effect  of  geometric 
parameters  of  uncquidistant  antenna  array  (AA)  with 
the  irregular  amplitude  distribution  on  its  working 
frequencies  range  is  presented.  The  coefficient  of 
working  frequencies  range  overlapping  [1]  was  selected 
as  criterion  of  optimization. 

FORMULATION  OF  A  TASK 

Under  certain  conditions  in  equidistant  AA  it  is  possi¬ 
ble  an  existence  of  parasitic  interference  lobes  of  higher 
order  together  with  a  main  lobe.  Their  position  rela¬ 
tively  to  the  area  of  real  angles  depends  on  a  distance 
between  elements  in  lengths  of  waves  and  on  a  value  of 
phase  shift  between  currents  in  adjacent  elements.  Ap¬ 
pearance  of  the  lobes  in  the  high-frequency  area  of  AA 
working  range  is  especially  possible  with  deviation  of 
the  main  lobe  from  a  orthogonal  position  to  AA. 

The  most  effective  way  to  overcome  the  parasitic  inter¬ 
ference  lobes  is  the  use  of  the  uncquidistant  AA.  The 
coordinates  of  elements  play  a  particular  role  in  dif¬ 
fraction  lobes  conniption.  This  paper  presents  numeri¬ 
cal  results  of  the  analysis  of  the  influence  of  elements 
coordinates  in  uncquidistant  antenna  array  with  une¬ 
qual  amplitude  distribution  on  its  scanning  sector  in 
different  range  of  frequencies  [1]. 

In  order  to  find  out  the  coordinates  of  elements  in  an 
uncquidistant  AA  a  principle  of  power  equivalence 
between  an  equidistant  AA  w'itli  irregular  current  dis¬ 
tribution  and  an  uncquidistant  AA  with  unifonn  cur¬ 
rent  distribution  was  used  [2].  The  number  of  elements 
N  in  an  original  equidistant  AA  is  equal  31,  a  distance 
between  them  is  equal  to  a  half  of  a  original  wave¬ 
length  (d  =  X/2).  In  this  case  a  coordinate  of  n  element 
in  the  uncquidistant  AA  is  determined  by  the  expres¬ 
sion 

,  i/2 

=  f'W*.  (1) 

where  /(v„)  is  a  current  in  element  number  n  of  tlte 
original  equidistant  AA;  L  is  a  length  of  the  original 
equidistant  AA,  L  =  d  (N  -  1);  I(x)  is  a  current  distri¬ 
bution  along  a  original  equidistant  AA. 


Thus,  distances  between  adjacent  elements  of  the  une- 
quidistant  AA  are  inversely  proportional  to  values  of 
currents  in  appropriate  elements  of  the  original  equi¬ 
distant  AA.  Using  in  (1)  various  types  of  current  distri¬ 
butions  it  is  possible  to  get  various  uncquidistant  AAs. 

In  this  W'ork  uncquidistant  antenna  arrays  were  ana¬ 
lyzed,  obtained  by  the  following  two  kinds  of  current 
distribution  in  a  original  equidistant  AA: 

-  a  current  distribution  "cosine  to  the  m  power  on  a 
pedestal" 

/(v„)=  A  +  (l-A)[cos(7rx„/n)]'”;  (2) 

-  distribution  like  a  "parabola  to  the  v  power  on  pedes¬ 
tal" 

/(x„)=l-(l-A)(7ix„/n)*,  (3) 

where  A  is  a  value  of  relative  amplitude  of  a  current  on 
equidistant  AA  edges;  under  solution  of  the  task  of 
optimization  tlie  area  of  its  change  lies  within  the  limits 
of  0  <  A  <  1;  m  and  s  are  exponents,  the  range  m  lies 
in  bounds  I  <  w  <  4,  and  the  exponent  s  was  of  two 
values:  2  and  4. 

Using  expressions  (1)...(3),  coordinates  of  une- 
quidistant  equiamplitude  synphased  AA  elements  were 
determined.  Then  the  unnormalized  pattern  was 

N 

/(e)  =  Y,l{x^„)exp[j{2%/X cos(e)] ,  (4) 

n=\ 

where  is  the  working  wavelength,  investigated 
when  solving  the  task  of  optimization  varied  in  limits 
of  0.2a  <  Xyy,<X  that  is  the  range  of  work  frequencies 
with  an  overlapping  coefficient  equal  to  5;  N  is  the 
number  of  elements  in  uncquidistant  AA,  in  general 
less  than  numbers  of  elements  in  the  equidistant  an¬ 
tenna  array;  /(x„„)  is  a  current  amplitude  in  «th  ele¬ 
ment  of  the  uncquidistant  anteima  array. 

After  normalizing  and  taking  the  logarithm  (4),  the 
angle  at  which  the  parasitic  interference  lobe  of  any 
order  other  than  zero  exceeding  a  level  -10  dB  with 
respect  to  a  main  lobe  was  determined.  It  enables  to 
find  out  the  area  of  scanning  beam  actual  angles  of  the 
imequidistant  AA  and  range  of  w'orking  frequencies, 
providing  one  main  lobe  only.  This  results  are  pre¬ 
sented  in  Table  1. 
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Table  1 


Overlapping 

Coefficient 

1 

2 

3 

4 

5 

Scanning  sector 

Amplitude 
distribution 
in  equidistant 
antenna  ar¬ 
ray 

Cosine 

±90° 

±36° 

±36° 

±24° 

±22° 

Cosin.  Sq. 

±90° 

±45° 

±37° 

±28° 

±22° 

Cosin.  Cub 

±90° 

±43° 

±29° 

L  ._l 

±23° 

±22° 

Cosin.  Fo. 

±90° 

±43° 

O 

oc 

-H 

±28° 

±22° 

Parabola 

±90° 

±51° 

±34° 

±28° 

±21° 

Parab.  Sq. 

±90° 

±54° 

±34° 

±23° 

±23° 

Table  2 


Overlapping 

Coeficient 

1 

2 

3 

4 

5  ^ 

Amplitude  distribution  in  unequidistant  AA 

Amplitude 
destribution 
in  nonequi- 
distant  an¬ 
tenna  array 

Cosine 

Cosine  Sq 

Parabola  S 

Parabola  S 

Parabola  S 

Cosine 

Cosine  Sq 

Cosine 

Parabola  S 

Parabola  S 

Parabola  S 

Cosine 

Cosine  Cub 

Parabola 

Parabola  S 

Parabola 

Cosine 

Parabola 

Cosine  Fo. 

Cosine 

Cosine 

Parabola  S 

Parabola  S 

Parabola  S 

Parabola 

Cosine  Sq 

Parabola  S 

Parabola  S 

Parabola  S 

Parabola  S 

Parabola  Sq 

Cosine  Sq 

Parabola  S 

Parabola  S 

Parabola  S 

Cosine 

The  scanning  sectors  of  the  unequidistant  antenna  array 
presented  in  Table  i  might  be  produced  only  with  the 
particular  amplitude  distribution,  since  not  all  types  of 
distributions  are  capable  to  ensure  them.  Table  2  pres¬ 
ents  combinations  of  amplitude  distributions  in  equi¬ 
distant  and  unequidistant  antenna  arrays  represented  by 
scanning  sectors  given  in  Table  1. 

CONCLUSION 

Analysis  of  Table  1  and  2  allows  to  conclude  the  fol¬ 
lowing: 

1.  When  reducing  a  relative  current  amplitude  on 
edges  of  equidistant  antenna  array  a  scanning  sec¬ 
tor  of  unequidistant  antenna  array  increases,  here¬ 
with  every'  type  of  amplitude  distribution  in  equi¬ 
distant  antenna  array  have  value  of  pedestal  under 
which  scanning  sector  will  be  maximum.  Chang¬ 
ing  of  a  value  of  relative  current  amplitude  on  une¬ 
quidistant  antenna  array  edges  considerably  influ¬ 
ences  on  scanning  sector  at  overlapping  coefficient 
greater  than  unit  i.e.  ma,\imum  scanning  sector 
can  exist,  depending  on  the  type  of  amplitude  dis¬ 
tribution,  both  under  greater  and  under  small  ped¬ 
estals. 

2.  In  general,  the  decreasing  of  relative  current  am¬ 
plitude  on  edges  of  unequidistant  antenna  array 
leads  to  the  worse  results  i.e.  the  suppression  of 


parasitic  interference  lobes  weakens  because  the 
influence  of  elements  on  AA  edges  is  diminished. 
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INTRODUCTION 

Polarization  isolation  of  antennas  is  among  the  widely 
used  methods  for  providing  electromagnetic  compati¬ 
bility  of  various  radio  and  electronic  facilities.  Hoav- 
ever,  it  turns  out  to  be  efficient  in  the  only  ease  when 
the  cross-polar  radiation  of  the  antennas  has  suffi¬ 
ciently  low  level.  Suggested  in  this  paper  is  a  method 
for  optimizing  the  current  distribution  in  an  antenna 
array  to  provide  its  high  performance  along  with  sup¬ 
pression  of  the  power  radiated  by  cross-polar  waves. 


THEORY 

In  order  to  optimize  the  power  characteristics  of  an 
arbitrary  antenna  array  we  introduce  a  functional 

=  (1) 

that  generalizes  basic  integral  parameters  of  the  an¬ 
tenna  array  (e.g.,  directive  gain,  gain,  signal-to-noise 
ratio  etc.)  and  lakes  into  account  the  random  errors  in 

the  its  current  distribution.  Here  S'(/^)  is  a  magnitude 

of  the  Poynting’s  vector;  P  is  a  power,  e.g.  the  array 
input  power,  the  radiation  power,  etc.  depending  on  the 
physical  meaning  of  the  parameter  K,  Rq  =  UqR  is  the 
radius  vector  of  the  observation  point  in  the  far-field 
region;  y  is  a  constant  factor;  and  the  bar  denotes  the 

averaging  operator. 

The  cross-polar  radiation  power  can  be  characterized 
by  the  mean  polarization  loss  factor  (PLF)  [1,2],  Oc, 
defined  as  the  ratio  of  the  power  radiated  by  cross-polar 
waves  Pc  to  the  total  radiation  power,  Pz  ,  of  the 
array 

(2) 

Mathematically,  the  optimization  problem  in  the  pres¬ 
ent  formulation  can  be  reduced  to  maximization  of  the 
fimctional 

^'max(wo)=  y/?^S'(Po)/F,  (3) 

where  is  the  limiting  value  of  PLF. 


We  assume  that  the  current  amplitudes  on  the  radiator 
inputs  are  random  quantities,  which  can  be  expressed 
as  [3]:  i„  =  x„(l  +c„  +  jd„),  for  n  =  ,  where  .V  is 

the  number  of  array  elements;  x„  =  ao„  exp(/(t)„)  cor¬ 
responds  to  the  current  of  the  n-th  element,  with  an 
amplitude  aQ„  and  a  phase  (f)„  in  the  absence  of  er¬ 
rors;  c„  and  d„  are  the  centered  normal  random 

quantities  witli  statistics  as  follows:  d  =d'^  =  ad ao„  ; 

’  Qmn 

correlation  coefficient  between  the  random  errors  of  tlie 
w-th  and  the  w-th  array  elements.  Here  we  consider  the 
ratio  ao„/a„  =a  as  a  given  constant  for  all  radiators. 


We  express  the  powers  involved  in  Eqs  (l)-(3)  through 
input  currents  of  the  radiators  and  write  them  in  terms 
of  the  Hermitian  forms  whose  matrices  are  the  resis¬ 
tance  matrices  of  tlie  antenna  array  [2].  Thus,  the  opti¬ 
mization  problem  can  be  formulated  (3)  in  the  follow¬ 
ing  matrix  form 


^max(^>)=  maxy 

x{eX 


(/(“oMI  +<^*Ax> 


{x  Ax) 


X) 


(x  Cx) 


<a 


(x  Dx) 


dim  f » 


where  x>  is  the  column-matrix  of  the  desired  determi¬ 
nistic  currents  distribution  of  the  array;  (/(»)  is  the 
row-  matrix  of  tlie  normalized  vectorial  directional 
pattern  of  the  array  elements  [4];  the  asterisk  denotes 
tlie  complex  eonjugate;  A,  B,  C  and  D  are  tlie  positive- 
definite  or  positive-semidefmite  Hermitian  matrices, 
whose  elements  are  defined  as  follows 

^mn  “  ^3  H  ^  ^  >  ^mn  ■"  ^2  S'””  ^  ’ 

Here  =Re(z^„),  are  elements  of  the  normal¬ 
ized  impedance  matrix  of  the  antenna  array  [4]; 
are  elements  of  the  normalized  radiation  resis¬ 
tance  matrices  characterize  the  interaction  be- 
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tween  the  array  elements  due  to  the  radiated  cross-polar 
waves  only,  while  takes  into  account  the  radiated 
waves  of  the  both  polarization  [2]). 

The  optimal  current  distribution  across  the  antenna 
array  has  been  found  by  the  method  of  the  Lagrangian 
undetermined  multipliers  and  as  a  result  the  following 
nonlinear  equation  with  respect  to  x)  has  been  ob¬ 
tained 


2A 


a' 


/(«o))-  (4) 


The  magnitude  of  p  can  be  detennined  from  an  auxil- 
iaiy  equation,  which  it  is  easy  to  obtain  by  substituting 
x)  given  by  Eq.(4)  into  Eq.(2),  viz. 


Fig.  1  shows  the  ratio  §T)max  =^max7^0max  as  a 
function  of  the  tolerable  PLF  value  0^1)111  for  the  sev¬ 
eral  values  of  the  parameter  a.  Here  D^ax  is  the 
maximum  value  of  the  antenna  array  directivity  with 
the  specified  PLF;  and  Domax  is  the  unconstrained 
directivity  maximum  in  the  absence  of  the  random 
errors  ( a  =  00 ).  Tlie  correlation  coefficient  has  been  cho¬ 
sen  in  the  Gaussian  form,  viz.:  =exp[-c/^„/p^], 

where  is  the  distance  between  the  /n-th  and  the  n- 

th  array  elements;  and  p  is  the  correlation  distance  of 
errors.  As  can  be  seen  from  the  plots,  the  optimization 
of  antenna  array  excitation  allows  to  achieve  an  appre¬ 
ciable  decrease  of  PLF  with  a  slight  reduction  of  the 
directivity. 


(x* Cx)/ (x’Dx)  =  ,  (5) 


For  tlie  solution  of  the  Eq.{4)  we  suggest  the  following 
iterative  procedure 


x(«+l)). 


/*  («0 ))  +  )1 , 


where  =  ‘S  the 

initial  approximation  and  p  is  detennined  from  the 
Eq.(5)  at  each  iteration  step. 

It  should  be  noted,  that  the  algorithm  suggested  con¬ 
verges  rapidly  when  a  >  1 ,  and  normally  two  or  three 
steps  provide  the  acceptable  calculation  accuracy. 


NUMERICAL  RESULTS 

The  proposed  method  was  used  to  maximize  the  direc¬ 
tivity  of  a  normal-firing  antenna  array  radiating  circu¬ 
larly  polarized  waves,  with  its  PLF  being  constrained. 
The  array  is  made  of  seven  thin  half-wave  cross¬ 
dipoles,  located  at  the  center  point  and  at  the  vertices  of 
a  regular  hexagon  of  side  d  =  0.7k . 


Effect  of  the  limiting  of  PLF  level  on  the  co-polar  and 
cross-polar  power  directivity  patterns  of  the  antenna 
array  is  illustrated  in  Fig.  2,  a,b.  The  represented 
curves  are  calculated  for  the  several  PLF  values  in  the 
absence  of  the  random  errors  ( a  =  00 ),  and  for  different 
errors  values  at  =  flemin  =  0.0046 . 


0  30  60  6,  degree 

a) 


0 


30 


b) 


60  0,  degree 


Fig.  2 
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CONCLUSION 

The  results  obtained  allow  to  conclude  that  method 
developed  can  effectively  be  applied  to  design  of  an¬ 
tenna  arrays  characterized  by  suppressed  level  of  the 
cross-polar  radiation. 
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The  amplitude  and  phase  perturbations  (APP)  of  an¬ 
tenna  array  sensors  are  the  basic  sources  of  the  errors 
arising  while  estimating  the  narrow-band  signals  di¬ 
rection  arrival  (DOA).  The  analysis  of  the  APP  influ¬ 
ence  on  the  quality  of  estimation  is  performed  by  sta¬ 
tistical  simulation  technique  as  a  rule.  The  given 
method  has  broad  capabilities,  however,  when  simu¬ 
lating  tlie  array  with  a  large  number  of  sensors  the 
using  of  this  one  requires  essentia!  computing  costs.  In 
tills  connection  there  is  a  necessitj'  in  obtaining  analyti¬ 
cal  representations  connecting  the  DOA  estimation 
errors  with  the  APP  parameters  of  array  sensors.  The 
aim  of  the  given  paper  is  the  getting  of  canonical  repre¬ 
sentations  for  mean  value  and  variance  of  DOA  esti¬ 
mation  errors  as  well  as  the  matching  of  obtained  rela¬ 
tions  with  statistical  simulation  results. 

Consider  an  array  of  N  sensors.  The  noiseless  array 
output  can  be  e.xpressed  as  a  complex  vector  x(/)  [1-3] 

x(0  =  V(Q)  s(t),  (1) 

where  .s(0  is  a  Mxl  vector  which  denotes  the  complex 
envelopes  of  the  M  narrow-band  signals.  The  elements 
of  s(t)  are  assumed  to  be  independent  Gaussian  distrib¬ 
uted  random  variables  with  zero  mean.  F(0)  is  a 
matrix  whose  columns  are  tlie  direction  vectors  v(t9„) 
with  parameters  6  =  denoting  the  angles  of 

arrival  of  die  M  signals.  It  is  assumed  that  the  nth  ele¬ 
ment  of  vector  v(9J  is  defined  as 

v„(<9J  =  a„exp{J2ml„sinS„/A  +  (p„}, 

where  a„  ,  q}„  are  the  real  random  values  of  amplitude 
and  phase  perturbations  of  nth  array  sensor  respec¬ 
tively;  d„  is  the  sensor  spacing;  2  is  a  wavelength.  Ran¬ 
dom  values  ,  (p„  we  will  assume  to  be  statistically 
independent  with  mean  values 

E{a„}  =  l,E{(p„}  =0  (2) 

and  variances 

var{  }=£{&„  -}=  .5,^ 

var{  }  =  E{5<p„  ^}=  S'/,  (3) 

where 


&„  =  a„-l,  6(p„  =  (pr. ; 

E  denotes  the  expectation  operator. 


The  set  of  complex  exponents  exp{j2nd„  sini9v^},  n  = 
1...  N\  we  will  denote  as  a  Nx]  vector 


The  unknown  canonical  representation  for  mean  value 
and  variance  of  DOA  estimation  errors  manages  to  be 
received  only  for  an  one-signal  situation,  when  the 
maximum  likelihood  DOA  estimator  coincides  to  die 
maximum  of  a  function  [1-3] 

7?(@fl,/j5o)-Po|«(«9)''v(^o)r  = 


where  Po,  ^  are  the  power  and  angle  of  arrival  of  die 
received  signal;  a,  f  are  the  Nx]  vectors  of  amplitude 
and  phase  perturbations  respectively;  ^  denotes  conju¬ 
gate  transpose;  6°  =  2nd„  sin6[)  /A.. 

The  estimation  of  parameter  3^  is  the  soludon  of  an 
equation 

33 


Let's  introduce  die  denotation 


F[3,aj\3^^ 


33 


For  obtaining  the  canonical  representation  for  mean 
E{  3q  }  and  variation  var{  <9q  }  we  will  expand  7^(9,  a, 

f\  So}  in  a  neighborhood  of  true  parameter  9o  and  zero 
APP  into  Taylor  series.  Limiting  by  the  first  tenns  of 
series  we  can  obtain 


f(3,  a,  f\3,)^  F{3„  1,  o)+  + 

n-\  Ctl^ 


where  S3  ==  3  -  3o,  (•)  =  (So,  1,  0);  I,  0  are  the  Nxl 
vectors  of  units  and  zeroes.  By  virtue  of  that  F(9,  a, 
f\  9o}  =  0  and  F{%,  1,  0}  =  0  for  an  DOA  estimation 
error  we  have 


89  =  9o 


-So=- 


N 

z 

«=1 


dF 

da„ 


|(.)5a„ 

69 


dF 

H - 

aq)„ 


(■) 
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By  meaning  (4)  random  and  statistically  independent 
parameters  a„,(p„  and  taking  into  account  (2),  (3),  we 
wilt  obtain  the  following  expressions: 

S'o }  =  So,  (5) 


As  it  follows  from  (5)  the  presence  of  small  sensor’s 
APP  doesn’t  result  in  the  bias  of  estimator.  For  obtain¬ 
ing  the  explicit  representation  for  a  variance  it  is  neces¬ 
sary  to  calculate  partial  derivatives  included  in  (6).  By 
executing  all  the  necessarj'  transfonnations  we  can 
obtain  the  following  canonical  representation 


var{.9Q}  = 


5/ 


27i4n  <y^  cos  >9q 


(7) 


RMSE  = 


1  M  r  V 


M  L 


m=\  l=\ 


where  is  the  estimate  of  the  w/th  DOA  achieved 
in  tlie  /th  run. 

The  theoretical  and  experimental  RMSE’s  of  DOA 
estimation  versus  the  phase  perturbation  level  Sp  is 
depicted  on  Fig.  1. 


where 


2  1  ^  .2 

O',/  =-77  2"” 

N  „.i 


1  ^ 

j 


Fig.  1.  Experimental  and  theoretical  RMSE's 
of  DOA  estimation  versus  the  standard  deviation 
of  phase  perturbations  Sp.  Simulations  with  the 
one  Gaussian  source  for  the  scenario  {&i-  10  ) 


We  will  name  the  parameter  ay  as  an  effective  root- 
mean-square  size  of  the  array  aperture. 

From  the  representations  obtained  follows  that  in  a  one- 
signal  situation  and  in  the  presence  of  small  APP  the 
variance  of  DOA  estimation  error  is  proportional  to  the 
variance  of  phase  perturbations  and  is  inversely  pro¬ 
portional  to  the  effective  root-mean-square  array  aper¬ 
ture  size  multiplied  by  the  number  of  sensors,  the  vari¬ 
ance  being  independent  on  the  level  of  amplitude 
perturbations. 

Computer  simulations  have  been  carried  out  to  compare 
the  experimental  root-mean-square  error  (RMSE)  of 
DOA  to  that  of  theoretical  one,  which  was  calculated  as 

[at  Z 

RMSE  =  Zvar  {£>„,}  , 

V  m=l 

where  var{i9„,}  is  calculated  according  to  (7).  In  all 
experiments  to  follow,  a  unifomi  linear  array  of  A  =  8 
sensors  with  half-wavelength  spacing  have  been  as¬ 
sumed.  A  total  of  200  independent  simulation  runs 
were  performed  to  obtain  each  simulated  point.  The 
randomly  generated  vectors  o,  /  have  been  renewed  in 
each  simulation  run.  The  random  parameters  (p„, 
were  supposed  to  be  normal  (Gaussian)  and  lognonnal 
random  values  respectively  [3].  For  each  DOA  estima¬ 
tor  tested,  the  experimental  RMSE  is  calculated  as 


The  simulation  results  have  shown  that  the  analytical 
values  (5),  (7)  describe  RMSE  quite  precisely  for  Ure 
standard  deviation  of  phase  perturbation  Sp  =  0...45‘' 
and  more. 

In  case  of  the  number  of  signals  presence  equations  (5), 
(7)  can  be  used  for  the  description  of  the  DOA  estima¬ 
tion  errors  when  the  signals  have  rather  essential  dis¬ 
tinctions  on  parameter  3,  that  is  when  we  can  consider 
vectors  m(i9,),  u{Sj)  mutually  orthogonal: 

m(4)  ~  II  m  II  Sij, 

where  ||  .  ||  denotes  vector  norm;  Sy  is  the  Kronecker 
delta.  The  decreasing  of  the  angular  distance  between 
tlie  signals  results  in  increasing  the  estimator  bias  and 
variance  as  well  as  the  deterioration  of  resolution.  Ex¬ 
perimental  and  theoretical  RMSE’s  of  DOA  estimation 
versus  the  angular  distance  dS  between  two  sources  for 
fixed  Sp  =  5“  and  different  Sa  are  depicted  on  Fig,  2.  In 
this  experiments  we  consider  the  signal  scenario 

3,  =  10°,  32=  3,  +  d3. 

Thus,  in  the  approximation  of  small  APP,  representa¬ 
tions  (5),  (7)  describe  the  mean  value  and  variance  of 
ortliogonal  signals  DOA  estimation  error  quite  com¬ 
pletely,  Obtained  representations  show  that  when  re¬ 
ceiving  of  orthogonal  signals  the  basic  bottom  of  esti¬ 
mator  errors  is  the  phase  perturbations.  At  this  the 
signal  DOA  estimators  are  unbiased  and  tlieir  variances 
are  proportional  to  a  variance  of  phase  perturbations 
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and  do  not  depend  on  amplitude  perturbations.  The 
influence  of  tlic  latter  ones  became  is  rather  to  be  sig¬ 
nificant  in  case  of  close  spaced  signals.  Amplitude 
perturbations  result  in  increasing  the  errors  and  de¬ 
creasing  the  resolution.  The  obtained  representations 
can  be  used  for  simulation  of  antenna  array  with  a  large 
number  of  sensors. 


Fig.  2.  Experimental  and  theoretical  RMSE’s  of  DOA 
estimation  versus  the  angular  distance  dS  between  two 
sources  for  fixed  Sp  =  5°.  Simulations  with  Gaussian 
sources  for  the  scenario  {Si=  10°,  $2  =  &i  +  d&) 
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The  passing  to  the  phased  arrays  based  multichannel 
systems  with  digital  signal  processing  is  one  of  the 
ways  to  increase  the  radar  signal  processing  efficiency. 
In  such  systems  there  is  a  possibility'  to  measure  pa¬ 
rameters  of  several  simultaneously  located  objects, 
when  the  angular  spacing  between  them  is  smaller  than 
the  radar  array  beamwidth,  i.e.  in  superresolution 
mode. 

One  of  directions  of  superresohition  algorithms  synthe¬ 
sis  bases  on  using  the  eigenvalues  and  eigenvectors  of 
covariance  matrix  (CM)  of  a  signals  and  noise  mixture, 
received  by  the  array.  The  interest  to  this  algorithms 
(named  in  technical  literature  as  eigensrtucture  based 
(EB))  is  due  to  the  high  accuracy  of  the  obtaining  with 
them  of  measurement  estimates.  However,  realization 
of  the  EB  algorithms  is  hampered  by  requirement  of 
OiA/f)  (where  A/  denotes  the  number  of  sensors)  com¬ 
plex  multiplication  operations  for  CM  eigendecompo- 
sition.  For  a  wide  class  of  antenna  arrays  with  central  - 
sj’mmetrical  sensor  disposition  the  reduction  problem 
of  computational  complication  can  be  solved  by  way  of 
nonsingular  linear  transformation  (for  example,  an 
unitary  transformation)  of  such  arrays  CM.  In  view  of 
CM  specific  symmetry  in  this  case  (so-called  persym- 
metiyO,  CM  might  be  transformed  to  real-valued  sym¬ 
metric  matrix,  that  causes  reduction  more  than  by  half 
of  required  for  CM  eigcndecomposition  the  computa¬ 
tion  load. 

Among  a  number  of  EB  algorithms,  such  as  MUSIC, 
Root-MUSIC  (RM),  Min-NORM  the  special  interest 
represents  ESPRIT  algorithm,  as  having  the  high  qual¬ 
ity  parameters  it  requires  the  least  operations  number 
for  implementation  among  the  indicated  algorithms. 
Notice,  that  for  algorithm  realization  it  is  necessary  for 
the  antenna  system  to  comprise  two  identical  subarrays 
[1].  The  special  case  of  such  an  antenna  system  is  the 
unifonn  linear  array  (ULA),  which  it  is  possible  to 
consider  as  consisting  of  two  subarrays,  the  first  of 
them  comprises  A/  -  1  first  sensors  and  the  one  —  of 
last  M  -  1  sensors.  The  analysis  of  the  given  algorithm 
efficiency  shows  [1]  that  the  belter  accuracy  can  be 
achieved  when  displacing  subarrays  more  than  by  one 
sensor,  i.e.  by  2,  3  and  so  on. 

In  this  connection  it  is  of  interest  to  modify  Unitary 
ESPRIT  algorithm  [2]  for  subarrays  displacement  more 
than  by  one  sensor.  Consider  a  ULA  consisting  of  M 
identical  elements,  located  symmetrically  with  respect 


to  the  array  phase  center.  Each  element  is  excited  by 
narrow-band  signals  of  V  sources,  located  in  the  far- 
field  of  array.  The  thennal  noises  in  the  processing 
tracts  are  eonsidered  statistically  independent  on  each 
other  and  on  signals.  The  directions  of  arrival  POA) 
of  signals  are  to  be  determined.  The  data  model  in 
details  is  considered  in  [1,  2]  and  consequently,  we 
present  only  values  of  need  for  a  further  setting  of  a 
material. 

The  array  input  vector  can  be  expressed  by 

x(0  =  A(e)s(0  +  n(0.  (1) 

where  A(e)  =  [a(0, ),..., a(0K)]  is  M  xV  matrix 
whose  columns  a(0) ,  which  are  array  response  vectors, 
correspond  to  the  U  x  1  DOA  vector 
e  =  s(0is  a  vector  of  source  complex 

envelope,  n(/)  is  an  additive  spatial  white  noise  vector, 
(■)^  denotes  transpose.  Tlie  covariance  matrix  of  x(r)  is 

R  =  £[x(0x”  (/)]  =  A(0)SA«(0)  +  a'l ,  (2) 

where  S  =  £'[s(0s^(0]  is  CM  of  sources,  is  the 
array  channel  noise  variance,  I  is  an  identity  matrix, 
(•)^  denotes  hennitian  transpose.  The  eigendecompo- 
sition  of  CM  R  is  of  the  following  form 

R  =  E,A,E»+E„aX.  (3) 


where  E^  =[ej,--',e;/]  and  E„  —  [6^,+] are 
signal  and  noise  subspace  eigenvectors  matrices,  re¬ 
spectively,  A^  is  CxF  diagonal  matrix  that  contains 
V  largest  eigenvalues  in  descending  order  and  diagonal 
elements  of  A^  are  . 

The  consistent  estimates  of  eigenvalues  and  eigenvec¬ 
tors  might  be  obtained  by  means  of  eigcndecomposition 
of  the  sampled  CM 


R--^ix(0x"(0-E.A,Ef  +E„A„E^  (4) 


f=i 


where  V  xV  and  —  diagonal  matri¬ 

ces  A^  and  A„  contain  V  and  M -V  signal  and 
noise  subspace  eigenvalues,  respectively.  The  columns 
of  the  M  xV  matrix  E^and  Mx(M-V)  matrix  E„ 

contain  the  corresponding  eigenvectors,  and  V  is  an 
estimate  of  sources  number,  which  can  be  obtained  by 
using  one  of  known  methods,  such  as  AIC  and  MDL  [1]. 
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The  essence  of  an  unitary  transformation  (UT)  method 
is  in  the  array  data  or  CM  conversion,  described  by  the 
following  expression 


.  *a;  ~  J 


rr>  y(0  =  U"x(0 

or  R„-£jy(Oy"(f)]-U''R,U,  (5) 


in  which  also  the  matrix  U  for  even  sensor  number 
(i.e  for  M  -  2K )  is  detennined,  and  If^  is  an 
MxM  exchange  matrix  with  ones  on  its  antidiagonal 
and  zeros  elsewhere.  Matrix  U  is  a  sparce  unitary 
matrix,  that  determine  the  transformation  method  name 
(i.e.  UT  method).  It  is  possible  to  show,  that  due  to 
persymmetry  of  MxM  hennitian  CM  R  the  product 
U^RU  is  real-valued  and  symmetric  (as  is  known, 
eigenvalues  and  eigenvectors  of  a  real-valued  symmet¬ 
ric  matrix  are  real).  Therefore  calculation  of  the  eigen- 
decomposition  of  matrix  U^RU  requires  only  real 
calculations.  In  practice,  as  the  sampled  CM  R  is 
hermtitian  but  generally  not  persymetric,  it  is  necessary 
to  take  the  real  part  of  the  matrix  U^RU  for  UT 
method  to  be  implemented. 

The  sequence  of  steps,  describing  realization  of  modi¬ 
fied  Unitary  ESPRIT  algorithm  is  presented  below: 

1)  compute  E^.  via  V  largest  eigenvectors  of  matrix 
Re(U^RU)  or  largest  singular  vectors  of 
{Re(y(/)),lm(y(0)} ; 


2)  compute  (A/  -m)x  M  matrices  =  Re(T)  and 

are  selection  matrices  [1,  2],  and  subscript  w  in  a 
paranthesis  indicates  accordance  of  the  matrices  to  a 
certain  displacement  value  m ,  measured  in  the  number 
of  sensors,  i.e  1,  2,  etc; 

3)  solve  the  (M  -m)xV  matrix  equation 

(Ki^^jEj)^  =  K2(^)E^  and  calculate  eigenvalues 
Xj,i  -  of  V  xV  real-valued  matrix  T ; 


tion  of  signal-to-noise  ratio  (SNR).  The  dashed-and- 
dotted  line  is  rms  error  for  unitaiy  TLS-ESPRIT  algo¬ 
rithm  with  the  maximum  overlapping  of  subarrays  [2], 
i.e.  m-l,  and  dashed  and  solid  lines  correspond  to 
rms  error  for  m  =  2  and  fn  =  3 ,  respectively.  The  dou¬ 
ble  dotted  line  is  nns  error  for  RM  algoritlim  with  use 
of  UT  method. 

As  follows  from  the  lines  analysis,  for  unitary  ESPRIT 
the  maximum  overlapping  of  subarrays  it  is  not  the  best 
and  for  considered  case  algorithm  possesses  minimum 
rms  in  the  case  of  subarray  displacement  by  3  elements. 
Notice,  that  the  significant  increase  of  subarray  dis¬ 
placement  can  cause  the  decrease  of  algorithm  per¬ 
formance  due  to  reduction  of  subarray  aperture.  Also 
the  magnitude  of  m  detennines  the  range  of  DOA’s  in 
which  there  are  no  ambiguities  [1].  However,  even  if 
ambiguities  problem  is  occurs,  the  using  of  the  ideas  of 
Jonson  approach  [3]  allow  to  save  the  domination  of 
modified  Unitaiy  ESPRIT  over  the  initial  algorithm. 


Fig.  1 


Thus  ULA  in  superresolution  mode  by  modified  Uni¬ 
tary  ESPRIT  algorithm  is  presented.  The  using  of  the 
latter  pennits  to  improve  the  quality  parameters  (in 
comparison  with  initial  Unitary  ESPRIT  algorithm) 
when  the  signal  direction  finding  under  superresolution. 


4)  compute  the  spatial  frequency  estimates  as 
CO;  =  carctg()^;),  i  -  1,"-,U  ,  where  c  =  2  im. 

To  assess  the  performance  of  modified  Unitaiy  ESPRIT 
the  following  simulations  were  carried  out.  Two  uncor¬ 
related  sources  with  angular  coordinates  6j  =  10°, 

02  =13°  impinged  on  M  -12  -elements  ULA  with 
half  -wavelength  element  spacing.  For  each  of  Z  =  500 
trials.  A/  =  40  snapshots  were  taken.  The  root-mean 
square  (rms)  error  of  the  first  source  (0,  =10°)  DO  A 
estimate  is  calculated  and  displaced  in  Fig.  1  as  a  func¬ 
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INTRODUCTION 

The  modern  electrodynamic  theoiy  of  gratings  repre¬ 
sents  a  unique  collection  of  analytical  and  experimental 
results  providing  a  rather  full  physical  picture  of  the 
processes  in  resonant  wave  scattering  under  conditions 
of  complex  dispersion  laws  (including  nonclassical 
ones).  By  now  the  reliable  mathematical  methods  ori¬ 
ented  to  both  qualitative  and  numerical  analysis  are 
developed  and  evaluated  [1-4].  A  large  body  of 
anomalous  and  resonant  phenomena  are  revealed  and 
investigated  [1,  5,  6].  Justified  recommendations  have 
been  elaborated  for  their  use  in  spectroscopy,  antenna 
engineering,  optics,  electronics,  acoustics,  solid  state 
physics,  millimeter  and  submillimeter  radio  engineer¬ 
ing,  etc.  In  total,  all  these  results  constitutes  the  neces¬ 
sary  basis  for  posing  and  solving  practically  important 
inverse  problems.  However,  a  number  of  challenging 
mathematical  problems  arises  in  their  solution  [7]. 
Sometimes  they  arc  significantly  different  from  that  in 
direct  problems.  Certain  of  them  are  considered  in  the 
present  work  devoted  to  the  synthesis  of  one- 
dimensional  periodic  perfectly  conducting  gratings. 

FORMULATION  OF  THE  PROBLEMS  [6-8] 

A  direct  problem  is  to  determine  some  electrodynamic 
characteristics  of  the  structure  with  the  given  material 
and  geometric  parameters  from  a  knowledge  of  incident 
field.  In  inverse  problems  the  parameters  of  the  grating 
and  the  sources  are  unknown  (in  fiill  or  in  part)  and  are 
to  be  determined.  The  information  on  the  electrody¬ 
namic  characteristics  is  the  input  one.  The  type  of  in¬ 
verse  problem  and  the  possible  methods  for  its  solution 
are  governed  by  a  bulk  and  exactness  of  the  input  data. 
It  is  commonly  accepted  to  classify  inverse  problems  in 
three  groups;  the  diagnostics  or  visualization  problems 
(elcctrodynamic  characteristics  of  the  real  object  and 
the  incident  field  are  known,  the  parameters  of  the 
structure  are  to  be  determined);  the  synthesis  problems 
(the  construction  of  structures  capable  of  realizing  the 
given  electrodynamic  characteristics);  and  the  optimi¬ 
zation  problems  (a  general  topology,  a  type  of  the 
structure,  and  the  sources  are  knowm;  a  number  of  par¬ 
ticular  geometric  and  material  parameters  are  to  be 
determined,  which  result  in  attainment  of  scattering 
characteristics  closely  approximating  the  given  ones). 
The  questions  arising  in  solving  these  problems  are 


differentiated  respectively.  Thus,  for  example,  the 
question  about  existence  of  the  solution  does  not  arise 
in  diagnostics  problems  with  exact  scattering  data.  The 
main  problem  here  is  to  chose  the  size  of  input  data  set 
allowing  one  to  determine  tlie  solution  uniquely.  Ac¬ 
cumulation  of  analytical  results  of  this  kind  (the 
uniqueness  tlieorems)  [6,  7]  for  a  variety  of  practical 
situations  is  important  also  for  a  proper  posing  and  for 
the  construction  of  reliable  algorithms  of  the  solution  of 
sj'nthesis  problems,  where  the  solvability  becomes  the 
most  essential  issue.  The  solution,  in  a  classical  sense, 
does  not  need  to  exist.  However,  the  construction  of  a 
generalized  (regularized)  solution  is  possible,  if  the 
input  data  set  is  supplemented  to  the  size  that  ensure 
the  uniqueness  of  the  solution  in  the  ideal  case  of  exact 
input  data.  The  first  part  of  the  report  centers  on  this 
problem  and  the  relevant  results. 

SIMPLE  ALGORITHMS  FOR  SOLVING 
SYNTHESIS  PROBLEMS  [9, 10] 

In  the  second  part  of  the  report,  the  novel  methods  of 
attack  of  synthesis  problems  for  perfectly  conducting 
gratings  with  an  arbitrary  profile  are  presented.  These 
approaches  are  based  on  the  idea  of  quasilinearization 
of  integral  relations  of  potential  theory  and  allow  one  to 
obtain  satisfactory  analytical  and  numerical  results  in 
both  long  wavelength  and  partly  resonance  frequency 
regions  (with  respect  to  the  typical  dimensions  of  the 
grating,  like  grating  period  or  depth).  The  complex 
amplitudes  of  spatial  hannonics  of  a  scattered  field 
given  in  a  frequency  range  or  (and)  in  a  range  of  angles 
of  incidense  of  a  plane  E  -polarized  wave  act  as  an 
input  data  set  (incomplete  and  inexact).  The  final  algo¬ 
rithms  realize  the  standard  Newton-Kantorovich  line¬ 
arization  method  and  Lavrent’ev  a -regularization. 
The  self-closed  scheme  for  obtaining  “good”  initial 
approximations  is  constructed;  in  some  instances  one 
can  use  the  resulting  approximations  as  solutions 
proper  of  synthesis  problems. 

MODEL  SYNTHESIS  OF  QUASI-OPTICAL 
DEVISES  WITH  SELECTIVE  GRATING- 
MIRRORS 

An  investigation  of  dispersive  properties  of  diffraction 
grfitings  has  revealed  a  diversity  of  interesting  phenom¬ 
ena  from  the  standpoint  of  their  practical  implementa¬ 
tion.  However,  the  use  of  gratings  as  selective  elements 
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in  resonance  quasi-optica!  devices  is  substantial!}'  re¬ 
stricted  by  the  complexity  of  tlie  initial  analysis  of  a 
designed  unit.  This  analysis  must  meet  two  require¬ 
ments,  On  the  one  hand,  it  has  to  take  into  account  all 
key  operating  parameters  of  separate  elements  and,  on 
the  other  hand,  to  judge  the  effectiveness  of  the  system 
as  a  whole.  This  is  the  general  problem  of  model  syn~ 
thesis  in  tlie  design  of  resonance  quasi-optical  s}'stems. 
The  solution  of  this  problem  is  divided  naturally  into 
the  following  conceptually  independent  steps.  The  first 
one  is  the  construction  of  the  electrodynamic  model 
accounting  for  anal}1ically  an  influence  of  scattering 
inhomogeneities  varying  in  w'ave  size.  The  second  step 
is  the  formation  of  the  input  data  set  for  the  synthesis  of 
dispersive  elements,  such  as  gratings,  and  the  last  one 
is  the  solution  of  relevant  inverse  problems.  The  last 
part  of  the  report  is  concerned  w'ith  the  results  guided 
by  key  problems  of  the  model  syntliesis  of  such  reso¬ 
nance  quasi-optical  systems  as  efficiently  absorbing  and 
rescattering  coalings,  plane  pattem-fonning  structures 
and  open  dispersive  resonators  with  a  considerably 
rarefied  spectrum.  A  number  of  new  analytical  results 
allowing  one  to  construct  the  adequate  models  as  well 
as  the  results  of  computational  experiments  showing 
the  potentialities  of  the  approaches  and  methods  under 
discussion  are  presented  here. 
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Abstract.  Meeting  the  increased  complication  of  the  problem  of  surfaces  remote  sensing  with  the  synthesis  aperture 
radar  (SAR)  use,  requiring  more  high  level  of  resolution  and  the  need  in  performing  of  the  multiparametric  measure¬ 
ments,  the  necessity  of  the  multichannel  SAR  construction  appears,  which  could  receive  signals  in  the  different  fre¬ 
quency  bands,  of  different  polarization,  from  different  directions  etc. 

In  the  proposed  paper  the  algorithms  of  such  a  combined  processing  are  examined.  These  algorithms  were  synthesized 
by  the  solving  of  the  optimization  problems.  They  include  the  classic  operations  of  the  aperture  synthesis  and  opera¬ 
tions  of  the  adaptive  signal  whitening,  operations  of  the  Earth  covers  parameters  and  statistical  characteristic  calcula¬ 


tion  as  well 

INTRODUCTION 

Nowadays,  great  attention  is  paid  to  the  design  and 
software  of  tlie  combined  multichannel  SAR.  In  such 
SARs  the  signals  are  received  in  some  frequency  bands, 
of  some  types  of  polarization,  from  different  directions 
of  survey  (multi frequency,  multipolarization,  multian¬ 
gle  SAR).  In  these  systems,  when  fonning  images  in 
one  of  the  channels,  it  is  expedient  to  use  the  auxiliary 
information  available  in  signals  received  in  other  chan¬ 
nels.  Mostly,  such  an  infonnation  is  of  statistical  nature 
and  has  the  form  of  the  mutual  correlation's  between 
the  signals  passing  in  different  channels.  Especially, 
such  SARs  are  required  for  solving  the  multiparametric 
problems  of  measuring  the  different  electrophysical  and 
biological  parameters  of  the  Earth  covers  and  the  sta¬ 
tistics  of  their  irregularities  as  well. 

In  the  proposed  paper  the  optimization  of  the  received 
signal  processing  is  examined,  beginning  from  the 
moment  of  the  signal  registration  by  the  antenna  and 
ending  by  the  parameters  and  statistical  characteristics 
of  the  Earth  covers  X(f)  fonnation.  The  algorithm  of 
the  specific  radar  (scattering)  cross  section  (RCS), 
(f ) ,  formation  is  considered  as  a  particular  case. 
Parameters  X(r)and  a°(F)  are  assumed  as  functions 
of  the  surface  coordinates  f-(x,y)eD  (or 
F  =  (x,Ro(y)) ,  Rq's  distance).  Such  functions  are 
the  surface  images  (maps).  The  humidity,  root-mean- 
square  of  the  irregularity  altitude,  components  of  the 
microterrain  power  spectra,  the  field  of  the  near-the- 
water-surface  oceanic  wind  velocity  etc.  Are  parameters 
X(F)  to  be  measured.  The  function  RCS  ci^(F)  shows 
the  surface  image  in  scatterometric  SAR. 

Usually,  the  problem  of  parameters  ^(F)  measurement 
is  the  problem  of  the  secondaiy'  data  processing  of  SAR, 


In  our  paper  the  united  algorithms  represent  the  entire 
scope  of  processing.  However,  in  the  conclusion  the 
peculiarities  of  dividing  the  single  algorithm  into  the 

stages  of  primary  (ct'^IF)  imaging)  and  secondary 
processing  (obtaining  the  information  about  parameters 
^(F) )  are  treated. 

THE  PROBLEM  AND  ITS  SOLUTION 

The  equation  of  observation  (the  signal  model  in  the 
antenna  output)  we  shall  write  in  the  following  fonn: 

u(t)  =  Re S(t, i(r)) expi +  n(t),  u(t)  =  ||m^. (0||  , 

ktXir))  =  ||4(^A('"))||  >  "(0  =  IK  (Of , 

k  =  \^,te{0,T),  (1) 

where  is  the  complex  amplitude  of  the 

useful  signal  reflected  by  the  surface  and  received  by 
the  antenna. 

The  correlation  matrix  of  the  received  signal  is  of  the 
following  form: 

Kih  T2  )  =  (« (^1  (h ^  Re  p(/i  -  f2 )  X 

jVq 

X  J  ^(r>  ^(^)>^o  (h  ’  ^)‘^o  (^2  >  “  ^2 )  > 

D 

where  ^(F,iC(F))  is  the  scattering  covariation  matrix 

whose  main  diagonal  consists  of  specific  RCS  (when 
signals  of  vertical,  horizontal  and  crossed  polarization 
types  are  received,  such  a  matrix  consists  of  4x4  ele¬ 
ments). 

g^(F,X(F))-p(/i  -t2)  = 


Proceedings  of  the  3rd  International  Conference  on  Antenna  Theory  and  Techniques,  Sevastopil,  Ukraine,  8-11  Sept.  1999 


259 


I  (Fir,  7.{r),  )F"  {rX{r\  )\cxp(-qj_Ar)dAF , 


D 


p(0)  =  1 ;  ^/2  =  diagiNQkjF) ;  (3) 

qj^  is  the  horizontal  projection  of  the  reverse  scattering 
vector;  “T”,  >  are  the  signs  of  transposition, 

Ennit  connection  and  statistical  averaging,  respec¬ 
tively. 

In  the  beginning  we  shall  examine  the  optimization 
problem  solution  by  the  use  of  maximum  likelihood 
method.  Calculating  the  variational  derivative  of  the 
likelihood  functional  and  putting  it  equal  to  zero, 
5P[i7(0A(?)]/6A^(?)  =  0 ,  we  shall  obtain  the  fol¬ 
lowing  set  of  the  integral  equations: 

)dr^  + 

D 

^  0 

Where  is  the  vector,  whose  components  are  the 
optimal  output  effects  of  the  multichannel  SAR: 

TT 

^out  ^  j  jK((id2MP))P(t2)^o(fF)<^h<^h  ;  (5) 

00 


^out(P)  =  j^(OSo(t,r)dt. 
0 


The  measurement  eiTors  of  parameters  X(F)  as  well  as 

of  specific  RCS  of  the  operator  track,  wliich  is 

inverse  to  the  Fisher  operator  are  as  follows: 

p-=  jSpurF~\f^JJ  dP, 

D  '  ^ 


where 


F~^  = 


51nR(»(0/£(F))  I  * 

5X^(Pj)5Xy(P^) 


Zu  Q-^  PfKt(l>2)| 


;i:=l 


5a,, 


-1 


(8) 


Here  p  =  oo  that  indicates  incorrectness  of  the  solution 
to  the  problem  (insolvency  of  valuations).  But,  if  we 
exclude  from  the  consideration  function  ,  all  the 
same  tlie  research  of  a  matrix  is  of  great  significance  as 
it  helps  to  examine  matrix  and  to  find  such  sens¬ 
ing  conditions  (frequencies,  polarization  types,  and 
obser\'ation  angles)  when  the  errors  of  the  measure¬ 
ments  are  minimum. 


T 

Sw  it,  F)  =  J  Wit,  h ,  HP))Sq  itx,P)dh,  (6) 

0 

is  the  matrix  of  signals; 

TT 

WwiP>Pi)^  j \w(txJ2MP)}So(ti,P)Sl{t2,P)dtidt2  ,(7) 

0  0 

is  the  matrix  indetenninacy  fiinction  (Woodward  func¬ 
tion)  which  defines  SAR's  resolution. 

One  of  the  basic  operations,  performed  in  such  a  mul¬ 
tichannel  SAR  with  the  received  signals,  is  the  opera¬ 
tion  of  the  output  effect  (?)  fanning. 

The  operation  of  the  output  effect  Y^^ti?)  forming 
comprises  adaptive  whitening  (decorrelation)  of  tlie 
received  signals  with  the  weight  matrix  W(ti  t2,XiP)), 

which  depends  on  the  measured  values  of  X(F)  and 
signal  optimal  filtration  with  the  weight  function 
^oit,P)  ■  In  the  absence  of  decorrelating  adaptive  filter 

W(ti  t2,^iP)),  tihe  output  effect  Youti?)  forming  op¬ 
eration  coincides  with  the  classic  one  of  the  aperture 
syntliesis  with  the  focused  signal  processing 


As  an  exam.ple.  Fig.  1  shows  the  dependencies  of  root- 
mean-square  errors  of  estimation  of  permittivity  s  and 
angle  0  when  joint  measurement  of  these  parameters 
takes  place.  The  graph  are  plotted  for  the  smallscale 
surface  model  in  the  case  of  the  oscillations  of  vertical 
and  horizontal  polarization.  In  this  case,  the  following 
values  of  model  parameters  were  assumed: 
2/rAF  =  10“^ ,  E  =  (5,10,20,40,80)  . 


Fig.  1 

The  regularized  solution  to  tlie  problem  can  be  obtained 
with  the  use  of  the  ARM  method  if,  for  example,  the 
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correlation  matrix  RxiA’h) 

^^o(rj,F2)  =  (s°(?i)^”^(^2))  is  known.  Examining 

the  equality  5PIX(F)/m(/)]/52.^(F)  =:0we  obtained,  in 
gaiissian  approximation,  the  algorithm  for  the  functions 
i{r)  finding  (and,  in  pariicular,  functions  a°(F),  if 

assume  da^ldk^  -  d<i\  /dal  =  1 ). 

We  can  find  the  total  complexing  of  the  processes  in 
this  algorithm  that  are  received  by  different  receiving 
channels.  This  was  achieved  not  only  by  the  mutual 
links  of  the  scattered  fields  prescribed  by  the  correlation 
matrix  RukUi^hMr)]  elements  and,  in  particular, 
taking  into  account  all  the  covariation  scattering  matrix 
elements,  but  also  by  using  the  a-priori 
statistical  links  between  parameters  which  we 

can  be  given  by  the  elements  of  the  correlation  func¬ 
tions  matrix  (^2))  ■ 

One  of  the  essential  operations  in  the  equations  which 
provides  the  estimates  consistency  is  the  smoothing  of 
the  first  component  which  consists  of  the  output  effects 

^oiitz  t>y  the  weight  functions  (windows)  defined  by  the 
elements  of  correlation  functions  matrix  RxCh^h)  ■ 


The  stnictural  scheme  of  the  system  corresponding  to 
this  algorithm  is  shown  in  Fig.  2. 


CONCLUSION 

In  spite  of  tlie  complication  of  the  proposed  algoritluns 
one  can  sec  the  possibility  of  their  essential  simplifying 
if  it  is  known  a-priori  that  the  interval  of  the  functions 

a®[(f),X(F)]  and  X(F)  substantial  alternation  is  con¬ 
siderably  less  than  the  interval  of  the  output  effect 
correlation  which,  in  the  absence  of  decorre- 
lating  transforms  of  the  functions  U/.(/)  with  the 
weight  matrix  ^(/i,^2)  -  ‘s  approximately  equal  to  the 
indeterminacy  (Woodward)  function 


TV(T>^2) 


T 

^SQit,r^)Sl{tj2)dt 

0 


widtlr,  and,  in  the  presence  of  decorrelating  transform, 
it  can  be  considerably  reduced  and  be  equal  to  the  in¬ 
determinacy  fiinction  j'iV(T>^2)|  width.  Since  the 
processes  t//.(i)  arc  assumed  to  be  gaussian  so  the 
processes  T^oKr(?)To«f(i') ,  in  each  sections  F,  are 
scattered  by'  law.  But  if  the  proposed  algorithms  are 
used  the  output  effects  would  be  effectively  nonnalized 
by  their  smoothing  with  RxiA^^j)  operator.  Under 

condition  that  the  sampling  values  of  tlie  S.AR's  output 
effects  are  taking  in  intervals  equal  to  or  more  than  the 
correlation  interval,  one  can  use  the  non-linear  filtra¬ 
tion  apparatus  or  tlie  Kalman  one  of  filtration  of 
Markov  gaussian  fields  against  the  discrete  white  noise 

background  modeling  the  output  effect  fluc¬ 

tuations. 

The  proposed  methodology  of  the  surface  imaging  and 
parameters  estimation  can  serve  as  theoretical  founda¬ 
tion  for  tlie  new  generation  of  measuring  multichannel 
scatterometric  SAR  design  with  high  resolution  and 
measuring  accuracy.  Such  a  methodology  can  be  ap¬ 
plied  for  the  statistical  syntliesis  of  the  multichannel 
passive  systems  and  combined  active-passive  systems  as 
well. 
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The  theoretical  and  experimental  researches  on  elec¬ 
tromagnetic  scattering  from  diffraction  gratings  of 
different  types,  including  open  transmission  lines 
(OTL),  revealed  that  the  millimeter-wave  open  electro¬ 
dynamical  structures  providing  die  basis  for  functional 
components  and  units,  feature  high  efficiency,  which 
makes  it  possible  to  get  over  a  series  of  technological 
problems  and  reduce  the  cost  of  new  designs,  especially 
in  the  field  of  antenna  technology. 

Facilides  utilizing  die  conversion  of  the  surface  waves 
of  a  periodic  scatterer  into  the  volume  waves  were 
found  to  be  a  quite  successful  approach  in  die  realiza¬ 
tion  of  the  electrodynamical  schemes  of  the  SHF  and 
EHF  electromagnetic  sources[l].  First  used  in  the  mod¬ 
eling  of  physical  processes  in  diffraction  radiation  os¬ 
cillators,  this  effect  extended  its  application  area  and 
gave  rise  to  a  new  line  in  the  development  of  antenna 
arrays  [2]. 

The  research  on  surface-wave  scattering  from  a  dif¬ 
fraction  gradng  revealed  that  the  electrodynamical 
system  of  this  kind  is  capable  of  forming  a  highly  di¬ 
rectional  radiation  in  space,  and  the  OTL  (in  pardcular, 
variously  shaped  dielectric  waveguides)  serves  there  for 
the  surface-wave  source.  The  antenna  arrays  of  this 
kind  rest  on  the  holographic  principles  and  have  die 
two  basic  fimcdonal  components,  namely,  OTL  in  the 
fonn  of  a  dielectric  waveguide  and  diffraction  grating 
(e.g.,  comb)  which  is  parallel  to  the  OTL  lateral  sur¬ 
face.  By  varying  characteristics  of  the  diffractive  ele¬ 
ments  associated  with  the  slow-wave  field  in  die  OTL 
one  can  attain  a  high  directivity,  wide-range  scanning, 
and  efficiency  no  worth  than  90  ...  95  percent.  The 
polarization  of  the  produced  radiation  depends  both  on 
die  oscillation  type  excited  in  the  OTL  and  the  scatterer 
construction. 

A  large  body  of  the  data  obtained  [2]  enables  us  to 
develop  various  antenna  systems  for  different  purposes. 
The  designs  exhibit  technological  effectiveness,  wide- 
range  applicadon,  and  great  variety  of  die  electrody¬ 
namical  schemes.  The  developed  antennas  have  found 
use  in  both  aircraft/spacecraft  equipment  and  ground- 
based  (both  fixed  and  mobile)  complexes  [3,  4]. 

The  electrodynamical  sj'stera  of  the  suggested  antenna 
is  given  in  Fig.  1.  A  surface  wave  P;  transmitted  by 
surface-wave  line  2  is  scattered  by  periodic  structure  1 
in  the  form  of  a  reflecting  diffraction  grating  wath  the 


dominant  mode  of  E  type.  This  wave  type  choice  is 
detemiined  by  the  necessary'  horizontal  polarization  of 
the  antenna.  The  surface  -  wave  line  represents  a  ridged 
dielectric  waveguide.  The  study  involves  teflon  (e  = 
2.05)  and  quartz-glass  (e  =  3.9)  ridged  waveguides. 
The  waveguide  geometry  provides  the  wave  slowing 
factor  U  =  1.2  for  teflon  and  1.5  for  quartz.  The  wave 
slowing  factor  U  =  y/A:  is  determined  by  a  minimum 
transmission  loss  in  a  single  -  mode  operation. 


Fig.  1 

The  diffraction  grating  is  placed  over  the  surface-wave 
line  to  be  at  a  distance  A  and  remains  in  its  field.  If  a 
surface  wave  with  propagation  constant  y  travels  in  the 
ridged  dielectric  waveguide  and  locks  in  phase  syn¬ 
chronism  with  anotlier  wave  scattered  by  the  grating 
and  having  propagation  constant  k,  then 

kicosQ  „-yi=2nn,  (1) 

where  i  is  the  grating  period.  The  scattered  field  di¬ 
rection  is  given  by  the  angle  which  the  wave  vector 

k  makes  with  the  Oz  axis;  k  therewith  belongs  to  the 
xOz  plane. 

Radiation  condition  (1)  holds  only  for  negative  n  ,  and 
for  a  single  -  mode  operation  n  is  taken  to  be  -  1.  The 
absence  of  the  second-order  harmonic  with  n  =  -  2  is 

2X- 

ensured  by  the  constraint  i< - .  In  our  case,  tlie 

U+l 

fields  of  the  single  scatterers  add  up  in  phase  in  the 
direction  9  .i  : 

0_i=arccosfl/-yl  .  (2) 
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The  power  characteristics  of  the  diffraction  gratings  in 
tlie  E  case  were  previously  estimated  for  the  gratings 
much  wider  than  the  waveguide  ridge.  Tlie  attenuation 
of  the  transmitted  power  P,  is  shown  in  Fig,  2  as  the 
function  (-10  igVtl'^i  )  =  ^  (A)-  aim  was  to  reach 
a  sufficient  attenuation  of  the  transmitted  power  of  the 
signal  at  a  maximum  possible  spacing  A  between  the 
grating  and  tlie  ridged  waveguide.  To  this  end.  the 
gratings  of  different  groove  depth  were  examined.  As 
mentioned  before,  the  considered  electrodynamical 
scheme  represents  a  holographic-type  antenna  where 
the  diffraction  grating  acts  as  a  hologram.  Tlie  only 
difference  is  that  the  grating  scattered  field  contains  no 
positive  harmonics  because  of  the  impractibility  of 
condition  (1).  In  this  case,  the  zeroth  hannonic  corre¬ 
sponds  to  the  transmitted  power  Pt.  In  the  acting  an¬ 
tenna,  P,  is  close  to  zero.  In  our  scheme  when  condition 
(1)  holds  for  the  sole  harmonic  with  «  =  -1,  the  scat¬ 
tered  field  contains  no  virtual  image.  Contrary  to  the 
optical  hologram,  the  diffraction  grating  efficiency  can 
reach  90  ...  95  percent.  This  means  that  a  right  choice 
of  the  parameters  of  a  single  scatterer  can  provide  the 
control  of  tlie  power  take-off  along  the  aperture. 


The  dependence  (-10  ^gP,/Pi  )  =  f  (A)  is  plotted  for 
the  wide  gratings  with  groove  depth  0.47  mm  (curve  1, 
Fig.  2),  0.7  mm  (curve  2),  and  0.85  mm  (curve  3)  for 
the  grating  length  120  mm,  groove  width  1  mm,  and 
grating  period  3  mm  ;  the  wave  slowing  factor  is  U  — 
1.2.  A  groove  depth  of  0.7  mm  is  seen  to  be  the  most 
close  to  the  resonance  value  at  the  working  frequency 
76.5  GHz  and  wave  slowing  factor  U  =  1.2,  so  it  offers 
tlie  highest  efficiency.  With  a  lengtli  240  mm  and  A  - 
0.75  mm,  this  grating  provides  the  power  take-off  P  t 
more  than  97  percent  or  15  dB. 

The  measurements  of  various  narrow  gratings  compa¬ 
rable  in  width  with  the  waveguide  ridge,  wliich  is  2 
mm  wide  in  the  teflon  waveguide  and  1.5  mm  in  the 
quartz  one,  have  revealed  the  most  efficient  geometry 
of  the  grooves  measuring  0.75  mm  in  depth  and  0.5 
mm  in  width.  The  grating  length  is  100  mm  and  width 
is  1  mm.  The  transmitted  power  (-10  tgVjVj )  =  f  (A) 
is  plotted  in  Fig.  3  with  curves  1  for  tlie  teflon 
waveguide  and  2  for  the  quartz  one.  One  can  see  that 
the  antenna  involving  the  teflon  wav'Cguide  can  be  built 
with  any  technological  difficulties  because  the  chosen 
diffraction  grating  300  mm  long  with  A  =  0.75  mm 
produces  more  than  30  dB  of  the  power  take-off.  So  this 
grating  in  combination  with  the  teflon  waveguide  ex¬ 
hibits  the  desired  amplitude  -  phase  distribution  in  the 
aperture  which  makes  possible  a  side-lobe  level  25  dB. 
In  view  of  that  the  quartz  waveguide  produces  a  large 
slowing  factor,  the  antenna  on  its  basis  is  also  possible 
but  requires  more  accuracy,  which  evidently  rises  its 
cost. 

Up  to  now,  many  features  of  diffraction  of  an  inhomo¬ 
geneous  plane  wave  by  a  grating  of  an  arbitrary  but 
finite  length  are  not  revealed.  This  is  because  of  lack  of 
a  satisfactory  mathematically  rigorous  theory  for  the 
electrodynamical  system  of  this  kind  (Fig.  1).  In  tliis 
connection  we  suggested  an  algorithm  [5,  6]  calculat¬ 
ing  such  antenna  characteristics  as  amplitude  distribu¬ 
tion  in  aperture  and  antenna  efficiency.  This  algorithm 
takes  into  account  two  tyqtes  of  the  coupling  -  uniform 
and  wedge-shaped  -  occurring  between  the  dielectric 
waveguide  and  grating.  The  uniform  coupling  occurs  in 
a  space  A  separating  the  dielectric  waveguide  and 
grating  as  shown  in  Fig.  1.  The  wedge-shaped  one 
occurs  when  the  space  A  betw'een  the  waveguide  and 
grating  is  extended  by  an  additional  space  S  introduced 
in  front  of  them  in  between. 

The  input  calculation  data  are  found  from  the  only  one 
experiment  performed  for  the  desired  dielectric 
waveguide  and  relevant  grating  in  the  uniform  -  cou¬ 
pling  operation.  In  so  far  as  tlie  calculation  is  based  on 
the  coupled-wave  approximation  [7],  the  agreement 
between  the  calculations  and  measurements  may  be 
sought  only  with  gratings  no  shorter  than  10  7. . 
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The  radiation  pattern  calculations  are  made  in  the  con¬ 
ventional  way  using  the  Fresnel-Kirchhoff  integral  for 
the  far-field  radiation.  The  applied  method  of  the  pat¬ 
tern  calculation  takes  no  account  of  the  grating  action 
on  the  wave  phase  velocity  in  the  dielectric  waveguide 
as  well  as  it  does  not  take  into  consideration  the  change 
of  the  eflFective  cross  section  of  tlie  waveguide  in  the 
grating  presence.  This  makes  the  coupling  coefficient 
dependent  on  the  waveguide-grating  space.  Therefore 
long  gratings  associated  with  sufficiently  large  A  and  5 
are  preferable. 

Two  open  transmission  lines  in  the  form  of  the  ridged 
dielectric  waveguide  with  an  exiting  units  were  investi¬ 
gated  in  the  present  work.  Periodic  scatterers  reflection 
in  type  were  optimized  at  horizontal  polarization.  En¬ 
ergy  and  polarization  characteristics  of  these  scatterers 
are  investigated.  Radiation  patterns  are  calculated  and 
compared  with  an  experimental  ones. 

ACKNOWLEDGMENT 

This  work  was  supported  in  part  by  DaimlerChiy'sler 
under  the  contract  G005830106. 

REFERENCES 

1.  S.  D.  Andrenko,  N.D.  Devyatkov,  V.P.  Shestopa- 
lov.  Millimeter  wave  antenna  arrays.  -  Doklady 
AN  SSSR,  1978,  vol.240,  No.6,  pp.  1340-1343. 

2.  A.  P.  Yevdokimov  and  V.V.  Krizhanovsky.  A  new 
line  in  antenna  array  technology.  -  Izv.  VUZov. 
Radioelektronika,  1996,  vol.39,  No.9-10,  pp.54- 
61. 


3.  S.  D.  Andrenko,  A.P.  Yevdokimov,  Krizhanovsky, 
S.A.  Provalov,  and  Yu.B.  Sidorenko.  The  scanning 
antenna  of  airbom  radiometric  complex.  -  Radio¬ 
physical  methods  and  means  of  the  environment 
investigations  in  tlie  mm  wave  region.  Kyiv: 
Naukova  Dumka,  1988,  pp.154-160. 

4.  V.  P.  Shestopalov,  A.I.  Kalmykov,  A.P.  Yevdoki¬ 
mov,  et  al.  Complex  researches  of  the  Earth  envi¬ 
ronment  by  radiophysical  method.  -  Doklady  AN 
SSSR,  1985,  vol.  284,  No.l,  pp.  98-102. 

5.  A.  P.  Yevdokimov,  V.  V.  Krizhanovsky,  and 
Yu.B.  Sidorenko.  Calculation  of  radiation  pattern  of 
a  radiating  system  "Dielectric  waveguide  -  Grat¬ 
ing".  -  The  1st  Ukrainian  simposium  "Physics  and 
Technology  of  MM  and  SubMM  Radiowaves". 
Kharkov,  October  15-17,  1991,  p.  325. 

6.  V.  V.  Krizhanovsky,  S.  A.  Provalov,  and  Yu.  B. 
Sidorenko.  Power  charakteristics  of  a  system  "Di¬ 
electric  waveguide  -  Grating".  -  Radiophysics  and 
Electronics  of  the  MM  and  SubMM  Wave  Range. 
Kharkov,  1991,  p.p.  104-113. 

7.  Integrated  Optics.  Edited  by  T.Tamir/  Springer- 
Verlag  Berlin  Heidelberg,  New  York,  1975. 


Proceedings  of  the  3rd  International  Conference  on  Antenna  Theory  and  Technique.s,  Sevastopil,  Ukraine,  8-11  Sept.  1999 


264 
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The  rise  of  regiiiremcnts  to  quality  of  the  infonnation 
circulating  in  radioelectronic  system  (RES)  and  rate  of 
its  exchange  led  to  the  fed  that  traditional  circuits  of 
antenna  construction  have  practically  exhausted  their 
resources.  The  use  of  phased  antenna  arrays,  i.e.  the 
systems  with  spatial  phase-time  modulation  (or  filtra¬ 
tion)  of  signal  has  sufficiently  raised  the  efficiency  of 
RES.  However  at  present  in  a  number  of  cases  this  is 
deficient  so  far.  One  of  the  methods  of  further  increase 
of  system  capabilities  is  the  use  of  a  more  complex 
multiparametric  joint,  space-time,  frequency  and  phase 
modulation  of  radiated  signals.  Therefore  the  publica¬ 
tions  devoted  to  the  discussion  of  space-time  character¬ 
istics  of  antenna  radiation  mth  such  a  modulation  ap¬ 
pear  in  the  literature  more  frequently.  But  it  is  true,  that 
in  these  works  the  characteristics  of  linear  (or  plane) 
antennas  [1,2]  are  considered  and  practically  there  are 
no  publications  on  multiparametric  modulation  in  the 
ring  (cylindrical)  radiating  systems. 

The  purpose  of  this  work  is  the  discussion  of  space-time 
characteristics  in  a  far-zone  field  on  a  ring  antenna 
anay  with  multiparametric  modulation  of  signals.  The 
consideration  is  carried  out  on  the  example  of 
“supcrfiist”  circular  scanning  organization  (with  the 
frequency  to  several  per  cent  from  the  carrier). 

So  suppose  we  have  a  ring  antenna  of  radius  R  work¬ 
ing  at  the  middle  circular  frequency  ®o  •  required 
to  determine  tire  modulation  yTre  of  signals  (space  - 
time  distribution  (STD),  amplitude-phase  and 
frequency  ones  of  signals)  needed  for  energizing  the 
antenna  so  that  to  form  in  a  far  zone  tlic  narrow-beam 
pattern  rotating  without  shape  change  with  circular 
frequency  Q . 

We  can  distiguish  two  basic  modes  of  scanning  in  such 
arrays.  Briefly  they  can  be  described  as  follows: 

1.  Each  radiator  (emitter)  is  energized  by  its  signal, 
but  such  one  that  the  resulting  narrow-beam  pat¬ 
tern  perfonns  circular  scanning. 

2.  The  system  of  partial  patterns  is  created  each  of 
which  is  energized  by  its  signal  so  tliat  tlie  resulting 
narrow-beam  pattern  perfonns  circular  scanning. 

In  the  first  mode  it  is  necessary  to  energize  each  radia¬ 
tor  of  circular  antenna  array  (CAA)  by  its  own  signal. 
To  define  the  signal  type  for  energizing  radiator  the 
reciprocity  principle  can  be  used.  In  tlie  work  [5]  it  is 
defined  that  each  element  of  CAA  with  coordinate 
(R,a )  must  be  energized  by  the  current 


(1)  t + ^JR  ‘  cos  (a  -  (p(?  ))j 

j  u  rn  " 

where  R  is  antenna  radius,  a  is  angular  position  of 
radiator,  C  is  light  velocity,  <p(t)  is  dependence  of  rota¬ 
tion  angle  of  the  pattern  main  maximum  on  lime;  i.e. 
by  harmonics  of  frequency  co  with  phase  modulation 
(I)(r)  =  ((BR/C)-cos(a-(p(r))  or  corresponding  fre¬ 
quency  modulation  In  particular,  for  circular 

scanning  by  narrow-beam  with  a  constant  angular  ve¬ 
locity  n  STD  has  to  be  of  a  form 

yto/(l+— i?-sin(a-Qr)) 

i.e.  the  currents  that  are  frequency-modulated  accord¬ 
ing,  to  the  law  sin  (a  -  fit)  with  the  same  carrier  fre¬ 
quency'  ffi  and  frequency  modulation  index  K-RQ.IC 
and  delayed  (under  the  law  of  modulation)  by  the  value 
of  angular  position  of  the  element  a  are  fed  into  an¬ 
tenna  elements.  It  is  the  tolerable  value  of  K  that  limits 
an  angular  velocity  of  scanning.  In  this  case  the  far- 
zone  field  is  described  within  a  constant  factor  (space- 
time  directional  response)  by  a  formula 

/((p,0=  J/o(a-^)-/o(a-q')x 

/cooU'-— (cos(a-QO-cos(a-(p))  I 

where  t'  =  rlC ,  r  is  the  distance  to  an  observation 
point,  /o  is  the  element  of  antenna  radiation,  C  is  the 
light  velocity'. 


Fig,  1  Signal  amplitude  STD  in  a  far  zone 


Thus  for  scanning  CAA  with  constant  velocity  it  is 
necessary  to  use  signals  tiiat  are  frequency-modulated 
according  to  harmonic  law  and  delayed  by  the  time 
equal  to  the  product  of  angular  position  of  an  element 
a„  by  angular  velocity  of  scanning. 


Proceedings  of  the  3rd  International  Conference  on  Antenna 


Theory  and  Techniques,  Sevastopil,  Ukraine,  8-11  Sept.  1999 


265 


In  the  second  of  considered  models  in  the  simplest  case 
when  circular  fan  of  narrow-beam  patterns  is  fonned  by 
a  pattern-forming  circuit,  scanning  is  carried  out  by 
their  sequential  commutation  during  sur\'ey  period  [4], 

If  the  set  of  partial  non-narrow-beam  patterns  is 
formed,  each  input  of  PFC  (pattern-forming  circuit)  is 
energized  by  its  own  signal  the  addition  of  which  re¬ 
sults  in  narrow  pattern  formation  with  circular  scan¬ 
ning.  For  example,  if  a  Butler  scheme  is  used  as  a  pat¬ 
tern-forming  circuit  (PFC),  the  set  of  partial  patterns 
will  be  formed  corresponding  to  angular  harmonics,  i. 
e.  to  each  input  of  PFC  corresponds  amplitude-phase 
distribution  (APD)  of  the  fonn 

where  m  is  the  angular  harmonic  number. 

In  its  turn  CAA  radiators  are  energized  by  the  currents 


^tn  (0  =  ^0  [■s'/gn(cos(/n  ■  Q  •  t))]  ■  + 

+  •  [y  •  «!g«(sin(OT  •  Q  •  t))]  •  . 


Here  all  radiating  elements  are  powered  by  signals  with 
the  same  amplitude,  whereas  phases  of  these  signals 
change  in  time  stepwise  by  % ,  according  to  the  func¬ 
tions  j/g/7[cos(wa)]  and  x/gn[sin(/«a)] . 


Fig.  2.  The  form  of  partial  patterns  at  APD 
corresponding  to  function  5/gn[cos(ma)] 


tlien  the  partial  patterns  of  the  fonn  [4]  will  be  formed  as 

where  is  a  complex  constant. 

As  a  result  of  summation  of  a  sufficient  number  of 
partial  patterns,  tlie  narrow-beam  one  is  fonned  in  space. 

Circular  movement  of  maximum  in  an  antenna  plane 
can  be  provided  by  different  hannonic  phase  change, 
i.e.  each  PFC  input  must  be  energized  at  its  frequency 
©0  +  n  •  £2  and  the  resulting  pattern  will  be  of  the  form 


Summary  pattern  is  a  narrow-beam  one  (at  a  sufficient 
number  of  harmonics)  and  is  shown  in  Fig.  3. 


)0 


Fig.  3.  Summary  pattern 
CONCLUSION 


m 

In  the  pattern-forming  circuits  not  only  sine  harmonic 
functions  but  more  simple  distribution  functions  can  be 
formed,  for  example,  the  functions  corresponding  to 
discrete  angular  dependencies  of  the  form 
sign(sin(ma))  or  sign(cos(ma)).  Then  in  antenna  pat¬ 
tern  the  APD's  are  formed  of  the  following  fonn 

^my  )  =  sign[cos{m  ■  a)] + j  •  5/gn[sin(w  •  a)] , 
as  a  result,  the  partial  patterns  are  formed 


v”'  r  r  \i  /  \  — co,5(a-(p) 

/m>>(9)  =  2^'Slgnlcos(m-a)Jcos(a-(p)e  C  + 


+  y •^x/gn[sin(/w-a)]-cos(a-(p)-e‘^  C  ^ 


Fig.  2  presents  the  fonn  of  partial  patterns  at 
=  5/gn[cos(/wa)] ,  m  =  ln  m  =3. 

Then  for  realization  of  SFS  (superfast  scanning)  the 
signal  of  the  form  given  below  must  be  fed  at  each  input 


Joint  space-time,  frequency  and  phase  modulation  of 
signals  in  ring  antennas  enable  to  obtain  a  number  of 
new  effects,  for  example,  to  cany  out  circular  SFS. 

To  attain  the  same  effect  at  different  modes  of  spatial 
energizing  it  is  necessary  to  apply  different  signals  to 
the  inputs  of  pattern-forming  circuit  (PFC). 

In  all  cases  the  laws  of  space-time  modulation  can  be 
found  by  specified  space-time  responses  in  a  far-zone 
field  from  reciprocity  principle. 
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WHEN  ITS  AMPLITUDE  AND  PHASE  ARE  RANDOM  IN  RADAR  SYSTEM 
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The  different  approaches  to  sjmthesis  (method  of  a 
maximum  likelihood)  of  non-tracking  measurers  of 
informative  parameters  of  a  signal  against  noise  back¬ 
ground  are  known.  Frequently,  likelihood  ratio  (LR)  is 
averaged  by  uninfonnative  parameters  of  a  signal  (ini¬ 
tial  phase  and  amplitude)  and  tfian,  likelihood  equation 
of  small  dimension  is  constructed,  relatively  only  in¬ 
formative  parameters  [3,4],  The  latter  is  achieved  also 
by  using  different  methods  of  a  preliminary  maximiza¬ 
tion  of  the  LR  by  uninformative  parameters  [1,2,5],  or 
joint  use  of  an  averaging  (over  an  initial  phase)  and 
maximization  over  amplitude.  When  averaging  the  LR 
one  assumes,  that  tlie  initial  phase  of  a  signal  p  has 
the  unifonn  distribution  within  the  inter\'al  (0,  27t). 
However,  tine  real  distribution  p  is  unknown  and  de¬ 
pending  on  models  of  the  targets  is  described  by  the 
wide  class  of  probability  densities[3]. 

In  the  report  it  is  shown,  that  the  estimation  of  infor¬ 
mative  parameters  of  a  signal  against  a  noise  back¬ 
ground  docs  not  depend  on  indeterminacy  of  its  random 
initial  phase.  It  is  noted,  that  the  obtained  algorithm  of 
measurement  is  reduced  to  the  one  based  on  a  prelimi¬ 
nary  maximization  of  the  LR  by  uninformative  pa¬ 
rameters,  and  it  is  more  preferable  than  the  algorithm 
based  on  averaging  indicated  parameters.  The  compari¬ 
son  of  algorithms  is  carried  out  with  reference  to  the 
task  of  measuring  a  receiving  direction  of  a  signal  by 
the  radar  with  an  adaptive  array  against  a  noise  hum 
of  external  spatially  correlated  interference. 

Let's  assume,  that  the  active  radar  with  an  array  re¬ 
ceives  quasi-deterministic  signal  against  internal  noise 
hum  and  interfering  oscillations  from  external  source. 
Thus,  the  LR  L(a,b,p)  depends  on  informative  pa¬ 
rameters  a ,  random  amplitude  b  and  initial  phase  P 
of  a  signal  and  looks  like 

L(a,b,p)  =exp|Re(bZ(a)e"jP)-b2 
where 

Z(5l)e"jP  jY'^(l)R*(t,a,p)dt 

~oO 

is  a  complex  weight  integral; 


Y(t)  =  X(t,  d  c  )e-'P^  +  Nn  t  S)  +  Nu,  (t) , 


R(l,a,p)  =  R(t,a)ejP  are  vectors  of  complex  ampli¬ 
tudes  of  received  oscillations  and  weight  processing, 
respectively;  t,*  are  signs  of  a  transposition  and  com¬ 
plex  conjugation;  X(t,ai,),Nn|t,5j,N„j(t)  are  vec¬ 
tors  of  complex  signal  amplitudes,  external  spatially 
correlated  interference  and  internal  noise,  respectively; 

q^(a)  is  a  power  signal-to-jamming  ratio. 


From  (1),  performing  a  maximization  over  amplitude  b, 
we  shall  obtain  the  log  of  the  LR 


lnL(a,p)=  ReZ(a)e 


-jp 


Then  the  estimations  a  of  informative  parameters  a 
are  determined  from  the  system  of  equations 


d 


ReZ(a)e"-'P  ^  , 

- - - L  -0  at  d  =  a . 

2q^(d) 


(2) 


Using  a  relation  Re  A  •  Re  B  =  ^  Re(AB  )  +— Re(AB) 

and  introducing  a  designation  ZH(d)  =  -^^,  we  shall 
reduce  the  equations  (2)  to  the  fonn 


Re 


z:,(d)z;.(d)]+Re[z;,(d)z„(d)e 
at  d-d, 


-jp 


-0 


(3) 


where  Z'(d)  = 


dZ(d} 

daj 


From  complex  equality  A  =  s-t-jp  =  0  it  follows,  that 
s  =  p  =  0  .  Therefore,  (3)  is  contained  in  the  ratio 

Z'„ (d)Z*  (d)-rZ;,  (d)Z„ (d)e-->2P  =  0  at  d  =  d ,  (4) 

where  functions  1,  are  linearly  independent  for 
all  values  p  within  an  interval  (0,  2n).  Therefore,  (4)  it 
is  possible,  if 
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Zh  (oc)Z„  (a)  —  0  or  Re  ZJj  (5)Zy  (d)j  —  0 

at  d  =  6c ,  (5) 

Z'(d)z(d)  =  0  at  d  =  d.  (6) 

Technically  it  is  convenient  to  implement  (5),  which 
can  be  presented  as  the  other  expression 


2  Re 


Z^(5)'|'  _ 


=  0 


at  d  =  d , 


or 


(Z^(5))  (q^(a)) 

Z^(d)  q2(d) 


at  a  =  a, 


(7) 


(8) 


where  Zj,  (d)  =  jz„  (d)[ . 

From  (5),  (7)  and  (8)  it  follow'S,  that  the  maximum 
likelihood  estimates  of  informative  parameters  d  of 
signal  against  a  noise  background  do  not  depend  on  its 
random  phase  and  are  determined  over  a  maximum  of 
square  modular  value  of  a  nonnalized  weight  integral 

2/—\  ^ 

- . ,  ^  ^  ■  It  is  equivalent  to  the  equation 

q  (“) 


ZH(a)  =  maxZ^(d), 


(9) 


The  preliminary  maximization  (1)  over  a  random  ini¬ 
tial  phase  p  and  amplitude  b  also  leads  to  (9).  Actu¬ 
ally,  due  to  relation 

max  Refz(d)e“jP  ]  =  Z(d) 

(P)  ^ 

and  at  a  maximizing  value  b  =  Z(d)/q^(d)  from  (1) 
we  have  a  log  of  the  LR 

Zl{a) 


lnL2(d): 


(10) 


which  depends  only  on  infonnative  parameters  d . 

LR  L(d)  obtained  by  a  statistical  averaging  (1)  over 
random  amplitude  b  and  initial  phase  p  gives  a  uni¬ 
form  sufficient  statistics  for  the  problem  solution  of  a 
detection  and  measurement.  However,  obtained  algo¬ 
rithm  of  measurement  differs  from  (7),  (8).  So,  let's 
assume,  that  in  (1)  initial  phase  has  a  uniform  distribu¬ 
tion  p{p)  =  l/27t ,  p  =  0,27t ,  and  amplitude  has  tlie 

Rayleigh  distribution  p(b)  =  2be"‘’^  b>0.  Then, 

averaging  (1)  over  p  and  b,  we  obtain 


In  L(d)  = 


q"(a)z?,(d) 

4(l  +  q2(d)/2) 


-ln(l  +  q2(d)/2).  (11) 


According  to  (11)  estimations  d  of  informative  pa¬ 
rameters  are  calculated  from  the  sj'stem  of  equations 


q2(d)z2(d) 


2 


-hi 


1  + 


q2(d) 


=  0  at  d-  a  .  (12) 


From  (12)  it  is  seen,  that  only  in  the  case  of  measure¬ 
ment  of  non-power  parameters  against  a  background  of 

internal  noise,  when  |q^(d)|  =0,  the  full  identity  of 

(7)  and  (12)  follows. 

Further,  we  shall  execute  the  comparative  analysis  of 
algorithms  (7),  (9)  and  (11),  (12)  with  reference  to  the 
problem  of  finding  direction  (d  =  vp)  of  signal  receiv¬ 
ing  with  the  random  amplitude  and  initial  phase  at 
effect  on  a  radar  with  an  adaptive  linear  equidistant 
array  (with  the  number  of  elements  M  =  10,  placed  at  a 
distance  X/2 ,  where  X  is  the  wavelength)  of  active 
masking  interference  from  m  of  dotted  sources.  For  a 
case  of  the  interference  effect  from  one  source  (m  =  1) 
dependencies  of  lnL{\j/)  (averaged  over  N  =  75  sam¬ 
ples)  are  shown  in  Fig.  1  according  to  (11)  and  z2{vg) , 

where  vp  is  an  expected  direction  of  receiving  of  a  sig¬ 
nal,  that  is  expressed  in  parts  of  a  halfwidth  of  the  array 
directivity  pattern  on  a  zerothlevel.  Here  the  arrows 
indicate  directions  of  signal  receiving  (\p  =  0),  effect  of 
interference  (\)/  =  0.5),  as  well  as  their  relative  he  and  h, 
excess  over  a  background  level.  At  vp  =  0  a  value  of  a 
signal-to-jamming  ratio  q(vp)  in  the  output  of  the 

device  of  adaptive  procedure  also  is  indicated.  For 
interfering  situation  depicted  in  Fig.  1,  curves 

Re[z^  (\|/)z„(\p)]  and  (lnL{vp))'  corresponding  to 
equations  (7)  and  (12)  are  shown  in  a  Fig.  2.  From 
Figs.  1,  2  it  is  seen,  that  a  maximum  of  curve  Z^(vi/) 

and  zeroth  value  of  curve  Re[z;,  (v|/)z*j  (\p)]  coincide 

with  a  true  receiving  direction  of  a  signal,  and  maxi¬ 
mum  of  curve  lnL{\p)  and  zero  of  curve  (lnL(\p))' 

are  biased,  relatively  to  a  true  receiving  direction  of  a 
signal  (vp  =  0).  The  latter  means,  that  when  averaging 
LR  over  random  amplitude  and  initial  phase,  the  direc¬ 
tion  of  receiving  is  measured  with  the  systematic  bias. 
At  effect  interference  from  one  source  with  hi  =  30  dB 
such  an  error  takes  place  for  a  difference  of  directions 
of  signal  receiving  (vp  =  0)  and  a  source  of  interference 
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Avj/  <  0.7  .  Under  complicated  interfering  situation  the 
systematic  bias  of  measurement  over  a  maximum 
lnL{v)/)  is  possible  for  values  A\|/>0.7  as  well.  It  is 

illustrated  in  Fig.  3,  where  the  cur\'es  Zh(v]/)  and 

lnL(\[/)  are  plotted  for  the  case  w'hen  Uie  interference 

from  four  sources  influence  on  the  first  side  lobe  of 
array  directivity  pattern.  Let's  mark  also,  that  the  vari¬ 
ance  of  a  measurement  error  of  a  direction  of  a  signal 

receiving  over  a  maximum  zf,(\|/)  in  different  inter¬ 
fering  situations  is  less,  than  over  a  maximum  lnL{\j/) . 

CONCLUSIONS 

1.  It  is  shown,  that  the  system  of  equations  of  a  likeli¬ 
hood  (7)  or  (8)  for  estimations  of  informative  pa¬ 
rameters  of  a  signal  against  a  noise  background 
does  not  depend  on  indeterminacy  of  a  random 
initial  phase.  It  is  equivalent  to  the  known  equa¬ 
tions,  obtained  by  preliminary  maximization  of  the 
LR  over  amplitude  and  initial  phase  of  a  signal. 
Thus  the  estimations  of  parameters  are  evaluated 
over  a  maximum  of  a  normalized  weight  integral. 

2.  The  obtained  algorithms  have  been  used  for  the 
particular  case  of  a  receiving  signal  direction 
measurement  in  the  radar  system  with  an  adaptive 
array,  on  which  the  active  masking  interference 
affects.  The  results  of  simulation  show,  that  the  es¬ 
timation  of  direction  of  signal  receiving  by  a 
maximum  of  a  normalized  weight  integral  is  unbi¬ 
ased,  whereas  by  a  maximum  of  LR,  obtained  after 
averaging  over  a  phase  and  amplitude,  can  be  dis¬ 
placed. 
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ABSTRACT 

Different  algorithms  based  on  the  consideration  of 
eigenvectors  and  eigenvalues  of  the  sample  covariance 
matrix  are  widely  used  for  signal  detection  and  esti¬ 
mating  the  number  of  sources.  But  classic  eigenvalue 
technique  makes  difficult  the  evaluation  of  the  thresh¬ 
olds  for  eigenvalues  at  given  false  alarm  probabilities. 
To  find  these  thresholds,  it  is  necessary  to  know  eigen¬ 
value  distribution  functions  of  the  sample  covariance 
matrix.  For  some  important  tasks  of  signal  detection 
and  signals  resolution  the  knowledge  of  statistical  char¬ 
acteristics  of  only  two  maximum  eigenvalues  is  enough 
for  the  appropriate  choice  of  the  thresholds. 


It  is  obvious  that  for  calculation  of  tlie  thresholds  "Ld 
and  y-R  the  statistical  characteristics  of  two  maximum 
eigenvalues  of  the  sample  covariance  matrix  are  neces¬ 
sary.  In  the  present  report  a  rigorous  analytical  expres¬ 
sion  for  the  first  eigenvalue  the  cumulative  distribution 
function  (CDF)  is  derived.  For  the  second  eigenvalue 
we  find  an  approximate  formula  in  asymptotic  case  of 
large  external  signal-to-noise  ratio  (SNR).  Both  results 
are  obtained  for  A^-sensors  narrow-band  antenna  array 
of  any  geometry'  and  L  statistically  independent  snap¬ 
shots  of  data  vector  observed.  It  is  assumed  that  signals 
of  interest  and  internal  noise  background  are  zero- 
mean,  mutially  uncorrelated,  complex  Gaussian  ran¬ 
dom  processes. 


In  this  work  the  cumulative  distribution  function  (CDF) 
for  the  first  (maximum)  eigenvalue  of  tlie  sample  cor¬ 
relation  matrix  has  been  found  in  explicit  form  for  case 
when  only  internal  noise  presents  (for  the  null  hypothe¬ 
sis  in  detection  task).  Also  the  approximate  CDF  of  the 
second  eigenvalue  has  been  found  for  asymptotic  case 
of  one  powerful  external  signal  (for  the  null  hypothesis 
in  resolution  task). 

INTRODUCTION 

Detection  and  resolution  of  signals  may  be  made  by  tlie 
analysis  of  the  first  and  the  second  eigenvalues  of  sam¬ 
ple  correlation  matrix  of  array  signals  [1-3].  The  pro¬ 
cedure  of  detection  and  resolution  consists  in  compari¬ 
son  the  eigenvalues  with  appropriately  chosen 
tliresholds. 

At  the  beginning  the  first  (maximum)  eigenvalue  is 
compared  with  the  detection  threshold  which  value 
for  Neyman-Pearson's  criterion  is  calculated  for  given 
probability  of  false  detection  {Pfd)-  If  the  first  eigen¬ 
value  exceeds  this  threshold,  then  the  decision  about 
the  external  sources  presence  is  accepted  (the  null  hy¬ 
pothesis  of  detection  task  is  rejected). 

At  the  next  step  tlie  second  eigenvalue  is  compared 
with  the  second  tlu-eshold  Xr  which  value  is  calculated 
for  given  probability  of  false  resolution  {Pfr).  If  tlie 
second  eigenvalue  exceeds  the  threshold  then  the  deci¬ 
sion  about  presence  of  two  or  more  external  signal 
sources  is  accepted. 


CUMULATIVE  DISTRIBUTION  FUNCTION 
OF  MAXIMAL  EIGENVALUE  IN  CASE 
OF  SIGNAL  ABSENCE 


We  consider  tlie  array  of  N  elements.  Let 
X denotes  the  signal  vector, 

M=<XX^>  denotes  correlation  matrix  of  array 
signals.  It  is  assumed  that  internal  noise  of  array  ele¬ 
ments  is  white,  uncorrelated,  Gaussian  noise  with  zero- 
mean  value  and  variation  equal  to  I. 


Consider  the  sample  correlation  matrix  M  calculated 
on  the  base  of  L  snapshots: 


M-- 


-A 


i=\ 


(1) 


Here  W, ,  /  =  1,...,Z,  arc  snapshots  of  random  vector  X. 
It  is  known  that  in  case  of  L>  N  the  random  Hermi- 
tian  matrix  A  has  the  Wishart  distribution.  In  our  case 
of  signal  absence  M  =  E  because  the  matrix  A  distri¬ 
bution  can  be  written  as: 


P(A)  =  C(N,L)[dQX{A)f-^e-^P‘^^^ 

CiN,Ly^  =;r^^""’)''^fJ(Z,-;)! 

(2) 

The  matrices  A  and  M  can  be  represented  in  the 
following  fonii: 
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'='  ,  (3) 

where  U,  are  eigenvectors,  yO,  and  Aj  arc  eigenvalues 
of  matrices  A  and  M . 

As  seen  from  (2)  the  matrix  A  distribution  function 
depends  only  on  eigenvalues  p,  of  this  matrix.  Hence, 
according  to  [4],  the  joint  probability  density  function 
(PDF)  of  matrix  A  eigenvalues  p,  is  written  as: 

F(Pi,P2,...,Pn)  = 

C3  (A,  L)  n  P,  e  n  (A  -Pjf 

j=l  i>j 

Nl 

C2iN,L)  =  --ji - , 

n(Z-/)!/! 

i=.-l 

p,  ^P2  Pf^  >0  ^4^ 

Here  p,,P2,...,Pyv  are  matrix  A  eigenvalues  sorted  by 
decreasing.  If  condition  p,  >  P2  >...>  Pf,,  >0  is  not 
fulfilled  then  P(p, ,  p, , . . . ,  P/^ )  =  0 . 

For  finding  the  CDF  F(p)  =  P{p,  <  p}  of  the  random 
matrix  A  maximal  eigenvalue  p,  ,  it  is  necessary  to 
integrate  the  (4)  over  other  eigenvalues: 


p  Pi 

F{p)  =  C2{N,L)\dp\dfh... 


PN-i  N 


~ Pj) 


Because  the  subintegral  function  does  not  vary  when 
any  couple  of  variable  p, ,  pj  are  interchanged,  the 

equation  (5)  can  be  rewritten  as: 

CAN,L)'’r  ^ 

np)  = . J^p.jr/P2... 

0  0 

J  n  (a  )n  (A  -  PjfdpN 

0  '■=>  Or  (6) 

To  simplify  the  equation  (6),  consider  the  product 

N 

l\iPi  -  pj)^  .  It  can  be  represented  as  the  square  of 
Vandermonde's  determinant  [5]  and  written  as: 


n<ft 


1  p,  p,"  .  p,''-' 

1  P2  P2  •  a""'* 

1  „  ^2  „  V-1 

^  Pn  Pn  •  Pn 


The  determinant  of  the  FxF  matrix  can  be  represented 
as  the  sum  of  Nl  transpositions: 

/■>;■  .ve5^.  1=1 

N 

I  Z  (-1)  tJ(s^)+d(s2)  p  5i(')+^2(0"2 

SfSSff  1=1 

So  the  function  F(p)  is  equal: 

0  0 

P  N 

I  J~{  p,.  r.-w+ii0)+^2(')-2^-ft 
0  >=1  (9) 

It  is  seen  that  the  multidimensional  integral  (6)  has 
transformed  to  tlie  sum  of  the  product  of  one¬ 
dimensional  integrals,  each  of  them  is  incomplete 
gamma  function.  The  gamma  function  can  be  written 
as  the  following  integral: 

y{a,x)  =  I  e~‘t“^^dt 

0  (10) 

Using  (10),  the  equation  (9)  becomes: 

,  C'3(A^Z,)  ^  dM  XT'/ 

Fdp)  =  — r^-j —  Z  (-1)  2.  (-1) 

N 

Ylr(L-N  +  s,(i)  +  S2Q)-lp) 

’='  (11) 

2\fter  some  not  complicated  reduction  this  equation  can 
be  rewritten  as  the  following  determinant: 

Fip)  =  C2(N,L)dttlb,jip)], 

bij(.p)  =  r(L-N  ~l  +  i+j\p) 


Fig.  1.  The  first  eigenvalue  cumulative  density  function 
for  W  =  5  and  different  L 

Using  the  relationship  between  A,  and  p,  and  equa¬ 
tion  (12)  the  CDF  F^{N,L,X)  of  the  maximum  eigen¬ 
value  of  the  sample  correlation  matrix  M  of  the  array 
internal  noise  can  be  written  as: 
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F,(A^,Z„A)-det 


;'(L  -  +  /  +  y  - 1,  LX) 


nL-N+i)nj) 


(13) 

where  r(/)  is  gamma  function.  In  Fig.  1  the  CDF’s 
calculated  by  formula  (13)  for  =  5  and  different  L  are 
shown. 


THE  SECOND  EIGENVALUE  DISTRIBUTION 
FUNCTION  IN  CASE  OF  THE  ONE  SIGNAL 
PRESENCE 

Now  we  find  the  CDF  F2(N,L,X)  of  the  second  ei¬ 
genvalue  in  case  of  one  high  power  external  signal 
presence.  In  this  case  the  correlation  matrix  of  input 
array  signals  equals 


M^E  +  vSS^^  (24) 

where  S  is  the  phase-vector  which  depends  on  signal 
wave-front,  array  geometry  and  has  been  normalized  as 
|S'p  =  V,  V  is  the  signal  pow'er.  We  assume  that  the 
internal  noise  has  unit  power. 

It  can  be  shown  that  in  case  of  v  » 1  the  maximum 
eigenvalue  is  independent  of  other  eigenvalues 
P2,Pi,...,Pn  and  the  joint  probability  density  func¬ 
tion  of  matrix  A  eigenvalues  is 


P^P\,Pi 


P^)  =  C\ 


pL^N-l^-UUv 


1=2  i>j>\ 


(15) 


where  C  is  normalization  factor,  the  first  factor  in 
square  brackets  is  the  maximum  eigenvalue  PDF,  and 
the  second  factor  in  square  brackets  is  joint  PDF  of  the 
other  eigenvalues. 

Comparing  the  second  part  of  equation  (15)  with  the 
matrix  A  eigenvalues  PDF  in  case  of  external  signal 
absence  (4),  it  is  seen  that  joint  PDF  of  N~]  small  ei¬ 
genvalues  in  case  of  one  signal  presence  (14)  can  be 
written  through  the  PDF  of  the  N  -  I  eigenvalues  of  the 
sample  matrix  A  calculated  for  {N  -  l)-element  array 
with  L  -  1  snapshots  in  case  of  only  internal  noise  pres¬ 
ence.  Therefore,  the  CDF  F2  ( A,  Z,  2)  of  the  second 
eigenvalue  in  case  of  one  large  power  signal  presence 
can  be  expressed  through  tlie  CDF  F,  {N,  L,  X)  (13) 


F2  ( A,  Z,  A)  =  F,  ( A  - 1,  Z  - 1,  A -^) 

^-1  (16) 

Figure  2  depicts  the  theoretical  curve  of  the  second 
eigenvalue  CDF  calculated  by  (16)  (solid  line).  Also  in 
this  figure  the  calculated  curves  of  the  second  eigen¬ 
value  CDF  for  different  signal  power  v  =  0.25,  1,  4 
(dashed  lines)  are  depicted.  It  is  seen  that  for  v  >  4  the 


numerically  calculated  curv'cs  practically  coincide  with 
theoretical  CDF. 


Fig.  2.  The  second  eigenvalue  cumulative  density 
function  for  At  =  5  and  Z  =  5 
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INTRODUCTION 

Nowadays  among  all  known  algorithms  of  adaptive 
antenna  (arrays)  functioning  the  algorithms  with  gradi¬ 
ent  adaptation  and  their  modification  method  is  of  the 
highest  efficiency  as  for  convergence  rate,  computa¬ 
tional  expenses  and  a  degree  of  proximity  to  optimal 
conditions  [1].  Here  the  vector  of  weighting  summation 
coefficients  K{t)  of  signals  Y(/)  received  by  antenna 
elements  is  determined  through  a  gradient  estimate 
which  for  discrete  representation  of  processes  is  equal 

to  grady  =  Y j-yl j  ,  where  Yy  =  Y(ry )  Ky  =  K(f^ ) 
yiQj  =KyYy  is  the  oscillation  in  the  adaptive  antenna 

output.  Here  and  fiirther  the  representation  of  signals  in 
the  form  of  complex  envelopes  is  used.  The  sign  "  *  " 
denotes  Hermitian  conjugacy.  A  dimensionality  of 
vectors  is  detennined  by  the  number  of  antenna  ele¬ 
ments  N.  The  weighting  coefficients  at  each  adaptation 
step  are  set  in  accordance  with  the  iteration  procedure 

Ky+i  =Ky+pgrady.  (1) 

where  p  is  the  value  which  determines  the  conver¬ 
gence  rate  and  the  algorithm  stability. 

A  gradient  method  is  considered  as  the  complex  one  in 
hardware  realization  due  to  the  fact  that  along  with  N 

channels  of  weighting  summation  yoy=KyYy  it  is 

necessary  to  have  the  same  number  of  parallel  channels 
for  gradient  estimation.  The  hardware  complexity  and 
bulkiness  increase  if  weighting  summation  is  carried 
out  at  a  sufficiently  high  carrier  frequency.  Since  mul¬ 
tiplication  yo/  by  Ty  can  be  implemented  only  at 

lower  frequencies,  it  is  necessary  to  introduce  N  mix¬ 
ers  with  circuits  of  heterodyne  voltages  and  amplifiers 
at  intermediate  frequency  into  the  set  of  N  additional 
channels. 

Some  works  are  known  (for  example,  [2,  3])  where  the 
variants  are  proposed  of  constructing  adaptive  antennas 
with  interference  compensation  in  sidelobes  of  the 
radiation  pattern  without  additional  channels  of  signals 
Y(r)  transformation  and  amlification.  There  the  chan¬ 
nels  of  weighting  summation  and  the  channels  of 
weighting  coefficients  estimation  are  combined  at  once 


at  a  carrier  frequency,  are  transformed  and  amplified  in 
a  common  tract  and  then  are  divided  at  a  low  interme¬ 
diate  frequency,  and  the  gradient  vector  is  estimated. 
The  channel  combination  is  provided  due  to  the  fact 
that  the  elements  of  weighting  multiplication  play  also 
the  role  of  modulator  of  received  signals.  The  degree  of 
spectrum  expansion  at  the  ex^jense  of  modulation  under 
certain  conditions  may  be  sufficiently  less  than  the 
number  of  channels  N  .  This  favours  simplification  of 
the  adaptive  processing  equipment.  Such  variants  of 
antenna  construction  are  better  to  be  called  antennas 
with  channeling.  In  the  above-mentioned  works  there 
were  shown  the  possibilities  of  adaptive  processing 
realization  with  frequency  or  time  channelling  as  ap¬ 
plied  to  sidelobe  supression  systems  and  only  for  an 
algorithm  vrith  accelerated  gradient. 

The  purpose  of  this  work  is  to  generalize  the  known 
results  on  adaptive  antennas  with  channeling,  to  extend 
channeling  principle  to  other  algorithms  and  variants 
of  their  construction  and  to  define  requirements  to  basic 
parameters  of  processing  devices. 

PRINCIPLES  OF  CHANNELING 

Unlike  channeling  in  multichannel  systems  of  data 
transfer  where  all  transmitted  signals  of  message  are 
restored  at  receiving  side,  in  adaptive  antennas  upon 
channeling  and  subsequent  channel  division  it  is  suffi¬ 
ciently  to  preserve  and  restore  only  interchannel  corre¬ 
lation  connections.  Exactly  the  noted  circumstance 
permits  to  simplify  the  processing  equipment  and  to 
keep  the  possibility  of  gradient  estimating.  At  first  let's 
consider  the  details  of  such  a  channeling  on  the  exam¬ 
ple  of  adaptive  antenna  array  with  equivalent  elements 
(Fig.  1).  Here  double  arrows  show  connections  between 
multichannel  elements.  Vector  S  gives  the  direction  of 
expected  useful  signal  reception. 

Let  external  interference  be  a  stationary  "white"  noise. 
Interference  spectmm  is  limited  in  preselection  filters 
(PF)  at  carrier  frequency,  with  passband  lyfpp-  The 
vector  signal  arrives  at  control  inputs  of  weighting 
multipliers 

W(/)  =  K(/Vo  (0  +  V(l>«i  (/),  (2) 

where  scalar  modulating  functions  mq  (t)  and  Wj  (t)  are 
orthogonal  at  the  interval  T  >tj^=l/^fpp  (4  is  the 
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Fig.  1.  Adaptive  system  with  channeling  of  estimating  weighting  coefficients  K(f) 


interval  of  interference  correlation),  V(f)  is  the  peri¬ 
odic  function  of  spatial  modulation  of  the  period  Ty , 
which  consists  of  the  sequence  N  of  orthononnal  vec¬ 
tors  .  Each  vector  V/.  acts  in  the  time 

interval  {k - l)ty  <t<kty.  Therefore  the  period  is 
equal  to  Ty  =  Nty .  Vectors  V^.  can  be  selected  arbi¬ 
trarily.  The  necessary  condition  is  only  their  or¬ 
thogonality  V^V^=1;  V^Vy=0.  {k^j).  All 

modulating  signals  are  formed  with  processing  equip¬ 
ment.  In  the  output  of  antenna  summator  we'll  have 

(/)  =  K*  (t)  Y(t>«;  (t)  +  V*  (f)  Y(/>q*  (/)  - 

Functions  wo(0  '"iW  ^re  selected  so  that  compo¬ 
nents  in  (2)  do  not  have  frequency  or  time  coverage.  In 
the  first  case  we  can  speah  about  frequency  channeling 
while  in  the  second  case  —  about  time  channeling. 
Thus,  in  the  case  of  frequency'  channeling  it  is  neces.saiy  to 
select  thq (t)  =  1,  (f)  =  exp{27i/^f },  >^fpF,  and 

then  the  component  spectra  (3)  are  displaced  from  one 
another  by  the  value  of  .  Under  time  channeling 
these  functions  are  non-overlapped  periodic  sequences 
of  videopulses  with  the  length  of  <tkjl  and  then 

the  signals  (3)  in  the  output  acquire  amplitude-pulse 
modulation. 

After  shifting  to  intermediate  frequency  and  amplifying 
in  a  wideband  amplifier  (tliese  circuits  are  not  shown  in 
Fig.l)  the  sum  components  (3)  are  divided  by  multi¬ 
plying  7xW  and  and  passed  through 

main  selection  filters  (F)  with  the  band  equal  to  the 
width  of  useful  signal  spectrum  A/5 .  Since  usually 
4/5  « t4pp ,  then  the  processes  with  the  amplitude- 
pulse  modulation  turn  into  tlie  continuous  process,  In 


the  outputs  of  filters  F  the  processes  70  (t)  and  yvif) 
are  formed.  Then  tlie  vector  signal 
=  where  matrix 

P(t)  =  V(f)V*(/)  is  generated. 

We'll  show'  that  under  certain  conditions  on  signal 
product  7o{f)Yjvy(/)  the  gradient  vector  grad(f)  can  be 
evaluated.  For  time  interval  {k - \)ty  <t  <kty  the 

equality  Y^(/)  =  Pi,Y(/),  where  P^^V^V^t,  is  valid. 
Due  to  tlie  orthogonality  of  vectors  matrices  P/. 

have  the  properties  of  projection  matrices 

Pi  +P2  H-.-.  +  P/v  =  P- 

Here  0  is  the  zero  matrix,  E  is  the  unit  matrix. 
Therefore,  if  we  denote  Py  =P(/)  then 

'j'v 

^Py-E.  (4) 

/=! 

Let  us  proceed  to  discrete  processes  and  detennine  the 
vector  of  sample  correlation  coefficients  G  between 
tlie  processes  y^it)  and  Yp^{t)  on  condition  that  a 
correction  step  of  weighting  coefficients  and  the  num¬ 
ber  of  samples  averaged  over  one  step  are  equal  to  tlie 
period  of  spatial  modulation  Ty .  Then  under  fixed 
vector  w'e  have 

1  r+Ty  .  r+Ty 

G,  =  —  E  yuylj  =  y  E  T/YAyK,.  (5) 

Taking  into  account  the  last  property  of  projection 
matrix  (4),  the  average  value  of  vector  G  under  speci¬ 
fied  conditions  is  JW{g}=RK,.  (R  is  the  interference 
correlation  matrix)  what  agrees  with  the  gradient  [1]. 
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So  the  vector  G  on  the  average  corresponds  to  the 
gradient  and  therefore  can  be  used  for  correcting 
weighting  coefficients.  Therefore,  we  can  recommend 
the  algorithm  of  adaptive  processing  (1),  where 
grad;.  =  G; 

The  gradient  algorithm  of  the  form  (1)  has  the  limited 
range  of  stability  [1],  and  is  considered  only  as  a  simple 
example  of  using  the  channeling  method.  In  principle, 
nothing  is  changed  if  the  other  known  ty-pes  of  adaptive 
algorithms  are  used.  For  example,  for  extending  the 
range  of  stability  the  vector  of  sign  functions  sign(Xuy) 

can  be  used  instead  of  vector  Xw/  • 

algorithm  becomes  equivalent  to  the  procedure  with  an 
ideal  noise  limiter  Y{t)  in  a  feedback  circuit  [1].  It  is 
also  possible  to  realize  the  accelerated  gradient  algo¬ 
rithms  [1].  For  this  purpose,  the  gradient  must  be 
formed  according  to  the  rule 


r+Ty 


/='• 


Finally,  the  possibility  of  using  the  algorithm  with 
estimating  and  subsequent  conversion  of  the  interfer¬ 
ence  correlation  matrix  is  not  excluded.  The  sample 
correlation  matrix  of  multidimensional  process 
is  equal  to 


K 


^/=1 


(7) 


When  K-nTy  («  is  an  integer)  the  mean  value  of 
this  matrix  coincides  with  matrix  R . 


also  expand  oscillation  spectrum  yy{t),  and  it  affects 
the  algorithm  convergence  rate.  Therefore,  tlie  value 
Ty  is  to  be  selected  proceeding  from  trade-off  require¬ 
ments.  For  example,  we  can  assume  7y  =NfAfs  .  In 
such  a  case  spectrum  expansion  is  negligible,  but  it  is 
to  be  expected  that  adaptation  rate  decreases  by  a  factor 
of  N  in  comparison  with  proceeding  without  channel¬ 
ing  what  is  natural  payment  for  simplification  of  adap¬ 
tation  equipment.  The  form  of  orthogonal  vectors 
doesn't  play  a  particular  role.  As  an  example,  it  can  be 
offered  to  choose  vectors  V^.  so  that  they  were  lines  of 
Butler  matrix.  In  work  [3],  the  fimetion  V(0  is  the  set 
of  signals  with  phase  manipulation  (-7i,+7t)  and  or¬ 
thogonal  modulating  functions  in  each  channel. 

As  it  follows  from  channeling  principle,  upon  adaptive 
summation  of  signals  at  sufficiently  high  carrier  fre- 
quenc>'  w'hen  passband  of  filters  PF  can  be  of  several 
dozens  of  MHz,  specific  requirement  are  placed  for 
control  circuits  of  devices  for  weighting  multiplication 
and  modulation.  As  such  devices,  as  a  rule,  the 
quadrature  modulators  which  must  have  operating 
frequency  band  in  control  input  not  less  than  2Afpp , 
are  used.  To  corroborate  technical  potentialities  of 
channeling  let's  note  that  Hewlett  Packard  produces 
quadrature  modulators  in  the  fonn  of  microcircuits  for 
operating  frequency  range  up  to  2.5  MHz  with  pass- 
band  in  control  circuit  from  0  to  700  MHz.  All  main 
operations  on  computation  of  weighting  coefficients  or 
correlation  interference  matrix  can  be  performed  with 
the  help  of  microprocessor  facilities.  It  will  permit  to 
create  universal  devices  of  adaptive  processing  with 
flexible  modification  of  algorithms  and  their  parame¬ 
ters. 

SIMULATION  RESULTS 


Channeling  is  also  applicable  in  adaptive  antennas  with 
selected  main  receiving  channel  when  the  interference 
suppression  is  realized  in  sidelobes  of  the  radiation 
pattern  of  the  main  antenna  at  the  expense  of  using  N 
additional  low-directional  antennas. 

TECHNICAL  POTENTIALITIES 

As  it  follow'S  from  the  above-stated,  the  parameters  of 
modulating  signals  mo(t)  and  wi(t)  depend  on  pass- 
band  Afpp  of  filter  PF  and  its  selectivity.  Thus,  upon 
frequency-division  multiplexing  and  rectangular  (ideal) 
frequency  response  of  this  filter,  the  frequency  can 
be  selected  as  equal  to  Af  pp .  For  the  cases  of  real  re¬ 
sponses  the  frequency  f,„  must  be  increased  so  that 
component  spectra  (3)  did  not  overlap.  If  interference  is 
alw'ays  narrow-band  then  selection  of  modulating  sig¬ 
nal  parameters  is  made  proceeding  from  their  spectmm 
width.  The  period  Ty  of  modulating  function  V(/)  can 


Simulation  of  adaptive  system  for  interference  suppres¬ 
sion  in  sidelobes  in  w'hich  there  were  4  additional 
channels  with  low-directional  antennas  was  carried  out. 
Interference  of  the  type  "white  noise"  from  two  sources 
act  on  sidelobes  of  the  main  antenna  with  the  level  of 
abut  -30dB  producing  interference/noise  ratio  in  the 
output  of  key  channel  of  about  25dB.  Interference  was 
passed  through  forming  filters  with  Gaussian  frequency 
response  and  with  time  constant  equal  to  16  samples. 
The  period  of  modulating  function  m^{t)  was  equal  to 
8  samples  and  Ty  =  8  samples.  The  orthogonal  vectors 
V;(.  were  formed  according  to  the  rule 

Vj  =0.5^^  /  -1^  -/} 

where  A:  =  1, 2, 3, 4;  j  is  the  unit  imaginary  number. 

The  algorithm  with  an  ideal  limiter  of  interference 
envelope  in  the  feedback  circuit  was  simulated.  Simu¬ 
lation  has  shown  that  before  correction  of  weighting 
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coefficients  there  is  no  necessity  to  realize  preliminaiy' 
averaging  in  accordance  with  the  formula  (5).  Such  an 
averaging  takes  place  automatically  as  a  result  of  the 
iterative  procedure. 


signal/interference  (dB) 


Fig.  2.  The  process  of  setting  signal/interference  ratio 

in  system  with  channeling  ( - ) 

and  without  channeling  ( . ) 


CONCLUSION 

The  presented  results  allow  to  hope  for  simplification  of 
adaptive  antenna  (antenna  arrays)  equipment  at  the 
expense  of  using  channeling  of  weighting  coefficient 
estimation.  The  payment  for  simplification  is  the  re¬ 
duction  of  internal  performance  that  in  some  practical 
cases  can  be  found  acceptable. 
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In  Fig.  2  solid  lines  represent  the  plots  of  trasients  for 
signal/interference  ratio  in  the  output  under  zero  initial 
conditions  of  weighting  coefficients  in 

adaptive  antenna  with  frequency  channeling.  Dotted 
lines  show'  similar  dependencies  for  the  algorithm 
without  channeling.  As  it  seen  from  the  figure,  the 
channeling  results  in  delaying  transients  approximately 
by  a  factor  of  TV  (A'  =  4  is  the  number  of  channels  with 
adaptive  tuning).  The  efficiency  of  interference  com¬ 
pensation  in  steady  state  for  algorithms  under  consid¬ 
eration  differs  slightly.  System  simulation  with  time 
channeling  jave  shown  that  their  characteristics  differ  a 
little  from  systems  with  frequency  channeling. 
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The  adaptive  antenna  arrays  (AAA)  still  remain  one  of 
the  most  etfective  means  of  concentrated  interference 
control,  for  when  applying  them  there  is  no  need  to 
change  regimes  of  radio  lines,  whereas  a  level  of  inter¬ 
ference  suppression  attains  tens  of  dB  [1--3]. 

In  the  same  time,  a  number  of  authors  [1,3]  point  to 
tlie  AAA  efficiency  sharp  loss  due  to  non-linearity’  in 
receiving  sections. 

Let's  estimate  quantitatively  these  losses  for  types  of 
nonlinearity  inherent  for  receiving-amplifying  sections, 
i.e.  limiters. 

The  fact  that  a  great  deal  of  real  processes  and  fields 
may  be  approximated  with  a  required  accuracy  by  the 
inarkov  ones  is  common  in  use  [4].  The  question  on 
accordance  of  random  processes  and  fields  with  markov 
ones  is  unambiguously  connected  with  their  presenta¬ 
tion  in  the  form  of  equations  of  state: 

-?^^  =  F(x,r,/')  +  G(x,f,r)^(r,/-),  (1) 

dt 

where  xit,r)  is  a  vector  of  state  depending  on  lime 
and  spatial  coordinate  r ;  F(x,t,r),  G(xJ,r)  are,  in  a 
general  case,  tlie  matrix  functions  representing  a  state 
and  an  excitation  of  the  field;  i{t,r)  gives  rise  to  the 
vector  white  gaussian  field  with  a  zero  mean  and  an 
unit  level. 

In  lots  of  cases  in  practice  the  initial  presentation  of  the 
random  field  can  be  reduced  directly  to  a  model  of  the 
vector  random  process.  Under  assumption  of  the  ab¬ 
sence  of  spatial  dynamics,  as  well  as  in  the  case  of 
isotropic  propagation,  the  equation  is  simplified  and 
takes  the  form: 

^^  =  F(x(l),l)  +  G{x(i),OUt)  (2) 

dt 

With  the  help  of  the  equation  of  state  (2)  v  e  obtain  the 
A^-dimensional  space-time  random  process. 

In  the  input  of  the  receiver-amplifier  we  shall  consider 
an  additive  process  as  follows: 

X{t)  —  X s(t)-\-X  int(0  +  ^  «(0  '  (^) 


where  indices  s,  int,  n  are  applied  to  signal,  concen¬ 
trated  interference  and  white  gaussian  noise,  respec¬ 
tively. 

In  receivers-amplifiers  the  weight  factors  are  denoted 
as  w{t) ,  other  amplifying  elements  have  the  charac¬ 
teristic  of  the  smoothed  limiter,  what  is  described  by 
the  function: 

, _ x/  J- 

y(x)  =  J-  !  e  ^dx,  (4) 

VTt  0 

where  v is  tlie  input  signal  with  the  dispersion  ;  /is 
the  parameter  pointing  to  the  feature  of  the  function 
nonlinearities,  a  defines  the  dip  angle  of  the  curve.  At 
/  ->  0  the  function  (4)  turns  into  the  expression  for  the 

ideal  symmetrica!  limiter.  I  =  k~^  =  tg~^cL ,  k  is  an 
element  gain.  At  /  ->  00  the  function  (4)  tends  to  the 
abscissa.  Fig.  1  shows  a  family  of  the  symmetrical  lim¬ 
iter  characteristics  at  /  =  0.5. ..5. 


It  can  [5]  be  shown  that  in  order  to  provide  operation  at 
linear  part,  it  is  required  for  a  value  of  the  input  signal 
of  Pi„p  not  to  exceed  a  certain  threshold  of  linearity 

and  not  to  be  within  a  saturation  zone.  At  saturation 
zone  boundary  values  of  ±b  this  corresponds  to  ine¬ 
quality'  kP,^p  <  b  .  Replacing  k  with  1//,  we  obtain: 

bl  >  Pj„p .  It  can  be  shown  that  at  bl  >  P,„p  Uie  nonline¬ 
arity  is  practically  insignificant,  and  in  this  case  one 
considers  the  system  as  linear.  When  increases, 

the  nonlinearity'  starts  to  manifest  itself  and  at 
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bl  =  Pj„p  leads  to  the  defonnation  of  power  spectral 

density  both  of  signals  and  interferences,  especially  in 
the  high-frequency  region.  One  can  say  that  the  latter  is 
a  zone  of  the  moderate  influence  of  the  nonlinearity, 
where  the  ordinary  for  communication  channels  gaus- 
sian  distribution  density  of  a  random  input  signal  keeps 
its  unimodal  form.  At  the  continued  Pi„p  increase,  that 

is  at  bl  <  Pj„p  the  nonlinearity  affects  tremendously  and 
the  distribution  density  appears  to  be  bimodal, 

Let's  analyze  a  standard  algorithm  of  space-time  signal 
processing  in  these  regions  and  compare  it  with  the 
potentially  attainable  variant. 

We  shall  investigate  AAA  with  N  elements,  in  the 
inputs  of  which  the  multidimensional  random  process 
(3)  is  prescribed.  Assume,  the  introduced  multidimen¬ 
sional  processes  are  stationary,  with  zero  expectations, 
and  their  correlation  matrices  are  known: 

R,(x)  =  M(rj(t)Xnt-^)),  (5) 

where  I  is  a  signal,  an  interference  and  a  noise. 

When  passing  through  the  nonlinear  element  (NE)  (1) 
the  signal  is  distorted,  and  its  correlation  functions 
change  as  well.  Then  the  correlation  matrices  in  the 
output  of  the  nonlinear  system  will  accordingly  be  [1]: 

B(t)  =  —  arcsin  (6) 

n  1  +  /2 

Formulate  the  task  of  finding  the  weight  factors  of  the 
TV^-dimensional  space-time  filter  ensuring  the  optimal 
filtration  of  multidimensional  signal.  The  weighted 
signal  looks  like: 

A 

Sit)  =  N(X(t)),  (7) 

where  H{X{t))  is  a  certain  nonlinear  functional 
transformation  as,  for  example: 

H(X{t))  =  W^  (8) 

where  W  is  the  weight  factors  vector  (WFV)  to  be 
found  of  the  optimal  N-dimensional  spatial  filter;  /(•) 
is  the  nonlinear  transformation  of  signal. 

It  is  evident  tliat  any  estimation  differs  from  the  true 
signal  and  an  error  of  filtration  occurs: 

8(0-5(t)-//(X(0)-5(0-FV(^(0) .  (9) 

Since  this  error  is  a  random  function,  so  some  statisti¬ 
cal  characteristic  e(/)  should  serve  as  the  criterion  of 

optimality  of  the  operator  H{X{t)) ,  for  example,  the 
dispersion  of  signal  estimation  error: 


Now  the  task  is  reduced  to  minimization  of  over  all 
components  of  vector  IV  .  We  find  the  minimum  of 
fimction  a  solving  the  equation: 

=  (11) 

where  V^(a  )  is  a  gradient  of  root  mean  square  error. 
Solving  this  equation,  we  obtain 

^^onm=Bxx^xc  (12) 

The  algorithm  (12)  has  been  analyzed  for  the  three- 
dimensional  linear  equidistant  AAA. 

Fig.  2  shows  the  plots  of  the  power  signal  P^  to  inter¬ 
ference  /Jnt  ratio  in  the  AAA  output  versus  the  inter¬ 
ference  input  angle  at  different  ratios  of  these  powers 
and  the  following  input  data:  /  ==  1,  P^ /P„=  20  dE ,  an 

input  angle  of  signal  is  9^  =  10^  .  For  the  analysis  tliere 

have  been  selected  such  signal-interference  situations 
tliat  correspond  to  tlie  three  considered  above  cases: 
kPi„p  <b,  bl^ Pj„p  and  bl  <  P^^p  . 


0  50  100  150  200 


Fig.  2 

Curve  1  is  associated  with  =  0  dB  and 

bl  >  Pi„p ,  that  is  the  receiving-amplifying  section  may 

be  treated  as  linear,  what  agrees  with  the  potentially 
attainable  efficiency  of  AAA.  From  this  plot  it  follows 
that  in  the  AAA  output  reaches  20.. .25  dB  at 

the  difference  between  input  angles  of  signal  and  in¬ 
terference  of  more  than  40°.  In  the  case  of  these  angles 

coincidence,  and  cp^  =  cpint  =  10°  ,  the  efficiency  falls 
down  to  zero,  what  is  stipulated  by  the  AAA  blindness 
effect. 

Curve  2  conforms  with  Pj^t  IP^ -10  dB  and  bl  w  • 

In  this  case  the  noticeable  influence  of  tlie  nonlinearity 
is  exhibited,  the  efficiency  loss  at  some  interference 
input  angles  runs  into  20  dB. 
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Curve  3  is  plotted  for  =  20  dB  and  hi  <  Pj„p . 

Here  the  obtained  results  differ  from  the  desired  ones 
for  a  linear  system  both  qualitatively  and  quantitatively. 
The  system  is  in  the  unstable  state,  its  behavior  gains 
unforeseen  character,  and  the  bifurcation  effect  mani¬ 
fests  itself  This  can  be  as  a  result  of  the  bimodal  distri¬ 
bution  density  in  the  output  of  the  nonlinear  element. 


A 


Fig.  3 


Consider  more  thoroughly  the  boundary  case  of 
'^int  /A  =  dB  for  extremum  interference  input  an¬ 
gles  of  (pjn,  =  60°, 90°, 180°  .  For  this  let's  study  the  NE 
influence  depending  on  / ,  if  comparing  ratios 
P^  IP^^^  in  the  AAA  output  in  the  absence  of  NE  (the 
linear  AAA)  and  in  its  presence: 

A  =  (E,/  /Pint/)-(A»  IP\nxn)^  whcre  PslIPir^xJ  is 

the  signal-interference-noisc-ratio  (SINR)  in  tlie  output 
of  the  linear  system,  P^  „  /  Ejn,  „  is  the  one  in  the  sys¬ 
tem  output  taking  into  account  nonlinear  distortions. 

As  is  seen  from  charts  presented  in  Fig.  3,  at  interfer¬ 
ence  input  angles  (pj,,,  =  60°  u  1 80°  the  losses  due  to 
nonlinear  distortions  arc  from  3  to  6  dB  and  with  the 
increase  of  parameter  /  they  tend  to  zero.  Along  with 
this,  there  observed  such  interference  input  angles 

Tint  =  which  even  significant  increase  of  /  does 
not  yield  positive  results,  and  the  losses  constitute  from 
15  to  35  dB. 


Consider  in  detail  the  behavior  of  the  dynamic  system 
in  the  bifurcation  zone.  In  Fig.  4  plots  P^ ! P^^  versus 


Pjn,  are  presented  at  /=:land  Pj/P„=20dB.  As  is 
seen  from  the  chart,  the  unstable  state  does  not  appear 
abruptly  and  in  no  time.  Initially,  the  efficiency 
smoothly  descends,  and  when  reaching  a  certain 
threshold  value  of  Pi„(»15dB  loses  its  stability.  Its 
state  turns  to  be  chaotic. 


One  of  quantitative  characteristics  of  the  chaotic  be¬ 
havior  is  the  Lyapunov  index  [6]: 


y™  A  r/Pint 


(13) 


the  plot  of  which  is  sliown  in  Fig.  5.  This  index  char¬ 
acterizes  a  degree  of  exironential  run  away  of  neigh¬ 
bouring  points. 

One  distincts  a  bifurcation  regime,  where  the  Lyapunov 
index  is  always  negative  (it  becomes  equal  to  zero  only 
at  points  of  bifurcation),  and  a  chaotic  regime,  where 
the  majority  of  values  X  are  positive,  what  indicates  the 
chaotic  behavior.  Such  a  behavior  is  interrupted  with  r- 
window'S,  where  X  <  0 . 


CONCLUSIONS 

The  carried  out  investigations  show  that  in  the  general 
case  availabilit}'  of  NE  in  the  receiving-amplifying 
sections  leads  to  losses.  These  ones  depend  on  both 
nonlinearity  nature  and  the  input  signal  level.  One  can 
separate  two  characteristic  zones  connected  with  the 
single-  and  bimodal  density  of  the  a  posteriori  prob¬ 
ability'  distribution  after  NE.  In  the  first  zone,  the  more 
is  the  level  of  the  input  signal  the  less  is  the  advantage 
of  the  AAA  use  (which  decreases  from  25. ..35  dB 
practically  down  to  zero).  In  the  second  zone,  the  bi¬ 
modal  distribution  results  in  the  algorithm  instability 
and  chaotic  behavior  of  the  system. 
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AN  EFFICIENCY  OF  INTERFERENCE  ADAPTIVE  COMPENSATION 
IN  MULTIPATH  PROPAGATION  OF  RADIO  WAVES 


L.  Y.  Kornienko,  O.  A.  Voitovich,  V.  P.  Tischenko 

Kharkov  Military  University  ,  Svoboda  sq.  6, 

Kharkov,  310043,  Ukraine,  telephone  (0572)  329-845 


Adaptive  antenna  arrays  usually  function  in  radio  wave 
multipath  propagation,  occurred,  for  example,  due  to 
reflection  from  local  objects  and  underlaying  surface.  In 
frequency  identity  of  microwave  receiving  channel 
paths  the  multipath  effect  is  one  of  the  most  serious 
factors  limiting  the  efficiency  of  interference  compen¬ 
sation.  The  latter  depends  on  correlation  degree  of 
direct  and  reflected  interference  radio  waves  [1]  which 
is  defined  not  only  by  the  relation  of  interchannel  time 
delay  and  correlation  interval  but  by  radio  wave  reflec¬ 
tion  and  reception  eonditions. 

The  object  of  this  report  is  to  analyse  the  influence  of 
interferenee  radio  waves  reflected  from  underlaying 
surface  on  efficiency  measures  of  interference  one- 
channel  autocompensator  at  small  elevation  angles,  i.e., 
mirror  reflection  is  the  prevailing  one.  Reception  con¬ 
ditions  are  simulated  by  giving  directed  properties  and 
heights  of  antenna  size  of  main  and  compensating 
channels,  having  identical  relative  passbands. 

Using  the  method  of  reflective  treatment,  we  can  obtain 
the  following  expression  for  the  coefficient  of  narrow- 
band  stationary  interference  suppression 


Ks 


- Ml - |p|2 

(l  +  r7o)(l  +  r7i)"^' 


(1) 


where 


exp(-ycoo/Q)sincnBiQ  +Ti  exp(~yfO(/fio  jsincrrBfn^  • 


0  -l-2Reroexp(-72roQTo)sinc2TtBTo 


-hTo  exp(/c0(/Q^)sinc7iBiQ.^ 


l+|ri|  +2Re7j  exp(-y2ci)o'ti)sinc27cBTi 


(2) 

is  the  square  of  modules  of  interchannel  interference 
correlation  coefficient; 


Qi 


+  2Re  Tj  exp(  -y2moT,  )sin  c27rBT,  ) 


is  interference/noise  ratio  in  power  at  the  outputs  of 
main  (/  =  0)  and  compensating  (/  =  1)  channels. 

In  the  given  expression  coq  =2B/q,/o,B  are  average 
frequency  and  passband  of  receiving  channels  with 


effective  areas  Agi  and  normalized  antenna  pat¬ 
terns  yj(©)  oriented  at  angles  ©'j4,0is  an  elevation 
angle  of  interference  source; 

r,  =7?(0)/,(-©-©i^)//,(0-©j^), 

where  /?(0)is  a  reflectivity  factor;  t,-  =  —  sin©  ^ 

c 

time  delay  of  interference  radio  waves  at  the  inputs  of 
principal  (/  =  0)  and  auxiliary  (/  =  1)  channels  with 
heights  of  antenna  phase  centers  rise  Aq  &  /jj ,  c  is  a 

velocity  of  light;  is  ratio  of  interference  spectral 

power  densities  and  internal  noise; 

fn  =  '^o-'^h  fno=T^o+'^i>  sincx  =  sm^. 

Under  antenna  phase  center  coincidence  {hQ=h\)  and 
identical  conditions  of  radio  wave  receiving  (Tq  =7\) 

the  value  |p|  -  1 .  The  complete  correlation  of  direct 

and  reflected  radio  waves  is  provided  also  with  the  help 
of  narrowband,  in  space-time  sense,  systems  for  which 
the  products  of  bandwidth  by  maximum  interchannel 
delay  time  is  much  less  tlian  1.  For  wideband  systems 

\pf  0  .  In  real  conditions  0(jp[^<l . 

Let's  consider  the  typical  case  when  direct  and  hori¬ 
zontally  reflected  polarized  interference  radio  waves  are 
received  by  highly  directive  principal  antenna  on  side- 
lobes  with  slowly  decreasing  envelope  so  that  Tq  «  -1, 
and  highly  directive  auxiliary'  antenna  is  oriented  by 
maximum  on  interference  source  and  reflected  wave  is 
received  on  sidelobes  of  the  level  of  -13  dB.  Then 
Ti  «  -0.05. 


In  Fig.  1  a-c  tire  dependencies  on  the  angle  ©  of  lim¬ 


iting  suppression  factor  ^LS  = 


1 

l-lpf 


,  suppression 


factor  (1)  and  using  energy  Ky  - - ^  for  relative 

0  +  ?o) 

spectral  power  density  of  direct  interference  wave, 
equal  to  40  dB  in  the  main  input  and  50  dB  in  the  aux¬ 
iliary  one  the  autocompensator  are  presented,  Passband 
is  0,2%,  /?j  =  15A.0,  ^0  20^0  (curve  1)  and  Hq  =  30X.O 

(curve  2),  Xq  is  the  wave  length  corresponding  to  the 
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ICg  dB - 


Fig.  1 


carrier.  The  10  dB  excess  of  direct  wave  interference 
power  in  auxiliary  channel  is  due  to  using  highly  di¬ 
rective  antenna.  The  dependence  of  on  0  is  of 
multilobe  nature  conditioned  by  the  presence  of  zeros  in 
interferential  factor  of  the  main  antenna.  In  these  di¬ 
rections  frequency  responses  of  principal  and  auxiliaiy' 
(without  marked  dips  in  interferential  factor)  channels 
essentialy  differ.  The  suppression  factor  is  maximum  in 


tlie  directions  close  to  the  values  of  the  main  antenna 
interferential  factor  maximum  at  the  carrier,  since  in 
these  directions  interference  reception  conditions  by 
main  and  auxiliary  channels  are  more  identical.  The 
change  of  antenna  phase  center  separation  weakly  af¬ 
fects  on  maximum  value  because  in  the  consid¬ 
ered  case  the  value  of  interchannel  radio  wave  delay 
remains  much  less  than  the  interference  correlation 
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interv'al  "Ik  receiving  channels.  The  increase 


Hq  has  resulted  in  dip  number  increase  and  position 
displacement  of  maxima  and  minima  in  KlsI®  de¬ 


pendence.  ATfy-on-©  dependence  is  of  oscillating  na¬ 


ture,  angular  positions  of  maxima  and  minima  don't 
coincide  with  ma.xima  and  minima  positions  of  . 
The  value  Ku  has  maximum  values  in  directions  corre¬ 
sponding  to  minimum  values  of  Ks  in  those  cases, 
when  due  to  antiphase  combination  of  direct  and  re¬ 
flected  waves  in  principal  channel  the  resulted  power  of 
interference  oscillations  becomes  commensurable  with 
.  As  a  whole,  because  of  interference  residual  power 
increase,  Ku  decreases  with  ©  rise.  So  when 
©  =  8-^10°  A'(y(0.2,  that  corresponds  to  reducing 
target  detection  range  by  30  %  with  the  given  probabil¬ 
ity. 
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AN  ADAPTIVE  COMPENSATION  OF  PARTIALLY  POLARIZED 

INTERFERENCES  IN  THE  PRESENCE 

OF  POLARIZATION  DIFFERENCES  IN  A  FREQUENCY  BAND 
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The  influence  of  the  non-identities  of  the  basic  and 
supplementary  channels'  characteristics  on  the  effi¬ 
ciency  of  self-balancing  potentiometers  (SBP)  of  inter¬ 
ferences  explicitly  enough  is  analysed  in  the  literature, 
including  the  books  [1,  2],  The  interferences  by  virtue 
of  one  or  other  reasons  [3]  frequently  are  partially  po¬ 
larized,  The  features  of  the  adaptive  compensation  of 
interferences  are  studied  in  [3,  4],  In  this  paper  [5]  the 
influence  of  the  polarization  differences  of  antennas  on 
the  efficiencj'  of  the  SBP  is  investigated,  but  the  re¬ 
search  is  carried  out  in  a  narrow-band  approximation. 
In  the  present  paper  the  influence  on  a  limiting  sup¬ 
pression  factor  of  one-channel  SBP  of  polarization 
differences  of  antennas  in  a  frequency  band  is  studied. 


The  marginal  suppression  factor 


1- 


is 


completely  detenuined  by  an  interchaniicl  correlation 
p  coefficient  of  oscillations  in  the  basic  and  supple- 
mentaiy'  receiving  channels. 


Recording  responses  in  the  outputs  of  the  main  antenna 
(MA)  and  supplementary  antenna  (SA)  on  the  effect  of 
the  partially  polarized  interferences  that  are  shown  with 
respect  to  Stokes'  theorem  as  a  sum  of  completely  po¬ 
larized  (CP)  and  unpolarized  (UP)  components,  after  a 
series  of  transformations  it  is  possible  to  obtain  the 
following  expression  for  the  square  module  of  the  cor¬ 
relation  coefficient 


JexiU'art)|//c,*4::,^_^  +0.5(1 -//j)Pj^Gi\ 

J  +0.5(1-/;/) 

^/j 

^+0,5(1-///) 

'Jf 

where  r  is  an  interchannel  lag  of  a  flat  partially  polar¬ 
ized  interference  radio  wave  with  a  polarization  degree 
m,  decreasing  w'ith  an  orth  direc¬ 
tion « ;P^,  («,/)=  (/q +p^//(p)  (l+|p^,  f)  °  ^  i  =  0,1, 
is  the  polarization  vector  MA  (/  =  0)  and  SA  (/'  =  1)  on 
the  frequency  f  with  phasors  p^,(«,/);('9,i(p)  are  tlie 
Orths  of  a  spherical  coordinate  system, 
^^,.(«,/)  =  P^jPjj  is  the  polarization  factor  of  coordi¬ 
nation  of  the  antenna  and  an  incident  wave  component 
with  the  polarization  vector.  The  integrating  in  (1)  is 
performed  in  limits  f()-0,5no  ,fo+0,5nol,  fo,  fU  is  the 


average  frequency  and  the  bandwidth  of  receiving 
channels. 


From  (1)  it  follows  that  the  compensation  of  interfer¬ 
ences  (m  =  1)  is  influenced  by  the  degree  of  polariza¬ 
tion  misalignment  of  antennas  and  the  incident  wave  in 
the  frequency  band.  For  compensation  of  interferences 
(m  =  0)  it  is  important  to  ensure  the  identity  of  polari¬ 
zable  —  frequency  characteristics  (PFC)  of  antennas. 
In  the  narrow-band  approximation  for  CP  interferences 
p  =  1  without  regard  for  dependence  on  the  polariza¬ 


tion  ratio  of  antennas  and  the  incident  wave.  For  UP 
a 


interferences  p  = 


^ao^ai 


the  value  is  detennined  by 


tire  differences  of  polarizations  of  antennas  at  the  me¬ 
dium  frequency.  SBP  with  orthogonally  polarized  an¬ 
tennas  is  unsuitable  for  suppression  of  UP  interfer¬ 
ences. 


Usually,  the  polarization  differences  of  SBP  antennas 
are  insignificant  and  consequently  it  is  possible  to  put 
P/l7(/)  =  |P/4/(/o)Ie^'P[7^/ where 
respectively,  phase  shift  on  the  average  frequency  and  a 
difference  of  group  lags  of  orthogonal  components  of 
the  ith  antenna.  Substituting  the  p^,(/)  values  in  (1)  it 

is  easy'  to  obtain  an  analytical  expression  for  p  . 


Let  the  supplementary  antenna  on  the  average  fre¬ 
quency  have  a  circular  polarization  that  is  matched  to 
the  polarization  of  a  CP  interference  component.  The 
polarization  differences  of  antennas  on  the  average 
frequency  are  detennined  by  the  values  p.  =  |p^o  |  and 
^  absence  of  these  differences  p  =  1, 

^  =  0,  and  at  T  =  0  and  2  Ttfloi,  <  <  1  we  have 

Ks=  101g(l  +m)-  20lglri  -iol  m  o  -  101g(no^/24fo^). 

Hence  it  follows  that  Ks  decreases  with  the  growth  of 
the  passband  width,  decreasing  at  m  a  change  from  1  to 
0  by  3dB.  At  identical  PFC  (t,  =  to)  the  interference  is 
completely  suppressed.  At  m  oA  =  -9.03  and  a  oto=  - 
6.73  (tliat  corresponds  to  standard  sizes  of  polarizers 
SA  as  a  phasing  section  and  MA  as  a  system  of  parallel 
plates),  and  change  Ilo/fo  from  0.01  up  to  0.05  the  val¬ 
ues  of  Ks  for  CP  interference  changes  from  49.6  dB 
down  to  35.6  dB.  Thus,  even  the  small  differences  of 
polarizations  of  antennas  in  the  frequency  band  at  ( m  - 
ffl  o)/  « 0  0  05  elliptic  coefficients  r^o  =  0.709,  r^i  = 
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0.626),  result  in  an  noticeable  weakening  of  SBP  com¬ 
pensatory  capabilities.  The  presence  of  polarization 
differences  on  the  average  frequency  results  in  the 
further  decrease  of  Ks,  in  particular,  for  its  slightly 
polarized  interferences.  For  example,  at  p.  =  1,  ^  =10° 
and  rVfo  =  0.05  for  m  =  1  the  value  Ks  =  35.3,  and  for 
/w  =  0-Ks=21  dB. 


In  the  presence  of  mismatching  of  phase  centers  of 
antennas  the  additiondl  limiting  factor  for  Ks  becomes 
a  value  of  interchannel  lag  of  interferences  oscillations 
that  grows  with  the  increase  of  angle  of  the  flat  front  in 
the  incident  wave.  In  Fig.  1.  the  charts  of  Ks  vevsus 
angle  0  are  shown  at  an  interval  between  phase  centers 
of  antennas  10  Xq,  Flo/fo  =  0.05,  p  =  0.9§  =  10°  for 
CP  (m  =  1)  and  UP  {m  -  0)  in  cases  a)  when  antenna 
polarization  does  not  depend  on  frequency  (to  =  fi  =  0) 
curves  1,  1';  6)  PFC  of  antennas  are  identical 
(<y  oti=<y  oto=-8,53)  -  curves  2,2  b)  for  considered 
types  of  polarizers  curves  3,  3  '.  If  antenna  polariza¬ 
tion  does  not  depend  on  frequency,  tlien  for  the  CP  of 
interferences  the  difference  in  polarizations  at  the  mean 
frequency  are  unessential  and 


Ks  = 


n-l 


1  -  sinczrFlQr 


For  UP  interferences,  the  form  of  the  law  of  polariza¬ 
tions  change  depending  on  frequency  does  not  play  a 
role,  relevant  is  only  the  presence  of  polarization  differ¬ 
ences,  which  for  the  curves  1  ',  2  '  are  only  at  the  mean 
frequency,  and  these  differences  are  determining  that  is 
comtirmed  by  curve  3.' 


6,  deqr 

Fig.  1 


In  this  area  Ks  is  of  greater  importance,  than  under 
action  of  each  of  the  factors  separately. 

At  0  >  10°  the  main  limiting  factor  is  the  interchannel 
delay,  which,  however,  in  its  effect  is  commensurable 
with  effect  of  polarization  differences  for  interferences, 
{see  the  value  of  Ks  for  0  =  0).  Therefore  effect  of  a 
cancellation  of  lags  slightly  influences  on  Ks  under 
effect  of  UP  interferences. 

Thus,  the  polarization  -  frequency  differences  of  an¬ 
tennas  represent  severe  factor  limiting  SBP  efficiency, 
in  particular,  under  effect  of  weakly  polarized  interfer¬ 
ences.  It  requires  thorough  analysis  of  PFC  anteimas, 
detection  and  removals  of  causes  leading  to  in  their 
differences.  It  is  possible  to  apply  the  adaptive  tuning  of 
polarization  of  tlie  supplementaiy  antenna  [5]. 
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The  presence  of  maxima  for  the  curv'es  2  and  3  is  ex¬ 
plained  by  that  for  the  corresponding  angles  6  there  is 
a  compensation  of  delays. 
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ABSTRACT 

Adaptive  antenna  anay  communication  system  is  con¬ 
sidered  that  receives  phase-manipulated  signal  in  a 
background  of  Gaussian  interferences  and  internal 
noise.  Reference  signal  is  formed  by  nonlinear  inertia¬ 
less  transformation  of  the  array  output.  It  is  shown  that 
weight  coefficients  vector  that  minimizes  mean  square 
error  between  reference  and  output  signals  also  pro¬ 
vides  maximum  of  output  signal-to-noisc  ratio  (SNR). 
Statistical  characteristics  of  adaptive  array  in  stationary 
regime  are  investigated  for  different  schemes  of  refer¬ 
ence  signal  forming.  Theoretical  results  are  confirmed 
by  computer  simulation. 

INTRODUCTION 

In  many  practical  situations  the  design  of  adaptive 
antenna  array  for  radio-communication  systems  is 
made  difficult  by  the  fact  that  the  directions  of  arrival 
of  useful  signal  and  interferences  arc  a  priori  unknown. 
Therefore  to  adjust  antenna  array  weight  coefficients, 
as  a  rule,  algorithms  are  used  that  minimize  the  mean 
square  error  (MSE)  between  output  signal  and  some 
reference  (“desired”)  signal  [1-4].  When  there  is  no  a 
priori  known  reference  signal  in  the  received  message, 
a  problem  arises  to  find  an  optimal  way  to  form  the 
“desired”  signal  in  the  receiver  [5,  6].  In  the  present 
paper  we  investigate  statistical  characteristics  of  re¬ 
ceiving  phase-manipulated  signals  in  adaptive  array 
when  different  schemes  of  reference  signal  forming  are 
used.  It  is  shown  that  specific  design  of  nonlinear  ele¬ 
ment  used  to  fonn  reference  signal  does  not  influence 
on  the  output  signal-lo-noise  ratio  (the  output  SNR)  of 
adaptive  antenna  array.  By  computer  simulation  the 
main  statistical  characteristics  of  adaptive  array  were 
investigated  for  different  interference  scenarios.  The 
relationship  between  useful  signal  power,  output  SNR, 
error  probabilities  and  input  SNR  are  found. 

PROBLEM  STATEMENT 
AND  ANALYTICAL  RESULTS 

A  functional  diagram  of  N-element  narrow-band  adap¬ 
tive  array  with  independent  reference  signal  forming  is 
shown  in  Fig.  1.  Assuming  that  a  distance  between 
array  elements  is  of  order  half  a  wavelength  and  ne¬ 
glecting  the  delay  of  the  signals  envelopes  and  phases. 


we  can  write  N-dimensional  vector  of  complex  ampli¬ 
tudes  at  tlie  sensor  elements  outputs  as  a  sum: 

1=1 

where  5(^'),  fi{k)  describe  tlie  time  variations  of  tlie 
complex  amplitndes  of  tlie  signal  and  /-th  interference; 
Jis  a  total  number  of  interferences;  ri{k)  is  the  additive 

internal  noise  of  antenna  elements;  S ,  ,■  are  wave- 

front  vectors  (phasor  vectors)  of  the  useful  signal  and  /- 
th  interference  [1-4]. 


Fig.  1 


We  assume  that  samples  of  interferences  and  noise  at 
different  instants  are  statistically  mutually  independent 
and  have  complex  Gaussian  distributions  with  zero 
mean  values  and  mutual  covariance  functions  of  the 
fonn 

{fi  ik)fi{kfj  =  Dj5ji ,  ’ 

where  Sn ,  are  Kronecker  delta  = 

m,  n  =  l,N  );  Djj  is  the  internal  noise  power;  D,-  is  the 

power  of  /-th  interference.  The  phase-manipulated 
signal  of  interest  is  described  by  the  sequence 
=  where  is  a  complex  constant  that 

characterizes  the  signal  power  ' 

In  each  step  s{k)  with  equal  probability  takes  one  of  A/ 
values  exp{j2mi/M),  «=0,M- 1,  that  are  uniformly 
distributed  over  the  unit  circle  in  complex  plane. 
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The  output  signal  of  the  adaptive  array  can  be  repre¬ 
sented  as  a  sum  of  useful  signal  and  interference-noise 
components; 

y{!^)  =  W^x{k)  =  A,s{k)  +  c{k),  (2) 

where  #  is  a  weight  coefficients  vector;  "  T"  denotes 
transposition;  ^ajv'^s  is  an  amplitude  of  useful 
signal  at  tlie  array  output;  a  sequence 

+^^n{k)  is  a  sum  of  Gaussian 

;=1 

interferences  and  noises.  The  useful  signal  power  at  the 
output  equals  P,  =\A,\^  =  s\^ ,  the  output 

power  of  interferences  and  noises  is  determined  by 
variance  of  t{k) ,  i.e.  =  W^R^W ,  where 

j 

Rn=Dr,l  +  'ZDi'P*^^  is  the  spatial  covariance 

i=J 

matrix  of  interferences  and  noise  at  the  adaptive  array 
input;  I  is  identity  matrix;  and  “+”  denote  complex 
and  Hermitian  conjugation,  respectively. 

As  well  known  [2],  the  maximum  of  the  SNR 
P  =  PJP„  at  the  array  output  is  obtained  with  weight 
vector 

>  (3) 

where  c  is  arbitrary  complex  nonzero  coefTicient.  In 
this  case  =  p^  -  R~^ S* .  In  the  receiving 

array  of  radio-communication  systems  the  directions  of 
arrival  of  useful  signal  and  interferences  are  usually  a 
priori  unknown,  and  therefore  matrix  Rj  and  phasor 

vector  S  are  a  priori  undetermined.  So  it  is  impossible 
to  apply  tlie  solution  (3)  directly.  In  practice  to  adjust 
weight  coefficients  the  algorithms  are  used  that  mini¬ 
mize  the  MSE  between  the  processed  signal  y{k)  and 
reference  signal  ci{k) : 

J  =  l^'^'x{k)-d{k'^^  =  min .  (4) 

Here  angle  brackets  {..}j  denote  an  averaging  over 
statistical  ensemble  of  signals  x{A')  .  If  the  sequence 
is  a  priori  known  at  receiver,  then  as  the  reference 
signal  may  be  taken  the  sequence  dQ[k)  =  s{k).  In  this 
case,  as  seen  from  equation  (3),  the  optimal  with  re¬ 
spect  to  minimum  MSE  criterion  the  weight  vector 

IFo=n>^lN*=nX-'s7(H-po)  (5) 

is  also  optimal  with  respect  to  maximum  SNR  criterion. 

In  practice  often  s{fc)  is  not  know'n  a  priori,  so  the 
problem  arise  to  form  d{k)  directly  in  the  array. 


One  of  most  knowm  and  applied  in  practice  way  to 
generate  reference  signal  is  nonlinear  inertialess  trans- 
fonnation  of  the  antenna  array  output  d[k)^ g[y(^)]. 

In  paper  [5]  was  show’n,  that  w'hen  the  function 

has  a  minimum  at  some  W  =  Wq,  this 

weight  vector  also  provides  maximum  SNR  at  the 
adaptive  array  output,  i.e.  can  be  represented  as  (3) 
for  any  nonlinear  transformation  d  =  g{y) . 

COMPUTER  SIMULATION  RESULTS 

For  adaptation  of  the  adaptive  array  weight  coefficients 
to  the  minimum  of  the  quality  functional  (4)  there  was 
used  standard  gradient  LMS  algorithm  [2,3]; 

W{k  +  \)=  lT(A:)+p.x*(/:)[(i(itr)-#^(A:)x(fe)|.  (6) 

Here  p  is  the  feedback  gain.  The  reference  signal 
d{k)  w'as  obtained  in  two  ways.  In  the  first  case  it  was 
done  by  using  the  formula; 

c/l  =  exp(/-27tw/M),  (p„  <  arg>'(yt)<  (p„+i ,  (7) 

where  (p^  =  ;r(2«  -  l)/A/  ,  n  =0,M  - 1 ;  arg>'(A:)  is 
argument  of  complex  number  .  In  the  second  case 
it  w'as  worked  out  as; 

d2{k)  =  y{k)l\y{k}  =  a.xgy{k).  (8) 

Detailed  theoretical  analysis  of  the  algorithms  (6),  (7) 
or  (6),  (8),  show's  [6]  that  generated  reference  signal 
d{k)  contains  a  component  that  is  correlated  with  the 
useful  signal  ^(t).  Using  this  component  the  weight 

vector  W  adapts,  forming  maximum  of  the  adaptive 
array  pattern  in  direction  of  useful  signal  arrival  and 
minimum  of  it.  in  directions  of  interferences.  This 
causes,  in  its  turn,  a  significant  suppressing  interfer¬ 
ences  power  at  the  array  output  and,  therefore,  leads  to 
increase  of  correlation  between  d{k)  and  Besides 
it,  nonlinear  transformation  of  type  (7)  or  (8)  perfonns 
function  of  stabilizing  weight  coefficients  in  algorithm 
(6)  preventing  weight  vector  from  becoming  zero  or 
infinite. 

Computer  simulation  was  made  for  the  antenna  array 
that  consists  of  four  omnidirectional  sensor  elements 
located  at  the  vertices  of  a  square  with  half-wavelength 
diagonals.  The  useful  phase-manipulated  signal  with 
four  positions  (M  =  4)  of  power  -  10  arrived  from 
the  direction  of  one  of  the  diagonals  of  the  square.  The 
interference  signal  of  pow'er  Dj  =  10  arrived  at  the 
angle  a  =  60°  to  the  direction  of  useful  signal  arrival. 

In  addition,  complex  white  noise  of  power  -  I  was 

present  in  each  antenna  element.  For  adjusting  weight 
coefficient  vector  there  was  used  gradient  adaptive 
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algorithm  (6)  with  feedback  gain  //  =  10  ^  and  initial 
value  If  (o)  =(/,/, 7, . 


P 


Fig.  2 


Fig.  2  depicts  the  cuives  of  the  output  SNR  p  =  Ps/Pn 
convergence  to  its  stationary  value  on  condition  that  in 
algorithm  (6)  tliere  were  applied  the  ideal  reference 
signal  do{k)-^s{k)  (cur\'e  0),  the  signals  of  type  (7) 
(curve  1)  and  (8)  (curve  2). 

Results  of  simulation  that  characterize  interference 
suppression  in  stationary  regime  are  presented  in 
Fig.  3-5.  In  Fig.  3,  4  the  steady  state  patterns  of  array 
arc  depicted.  In  Fig.  5  the  relationships  are  shouTi 
between  the  output  SNR  p  and  the  input  ratio  of  in¬ 
terference  power  to  usefiil  signal  power  D,/D,  with 
Djj  =1,  Dg=- 10  for  theoretically  optimal  solution  (5) 

(curve  0)  and  for  stationary'  weight  vectors  (6),  (7) 
(curve  1). 


d  Interference  Signal 


Fig.  3.  The  adaptive  array  pattern: 

0  —  for  optima!  weight  vector  (5);  1—  for  stationary 
optimal  weight  vectors  of  algorithms  (6)  or  (7) 


Sigjial 


_ 3 

Fig.  4.  The  array  cardioid  pattern 
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Fig.  5.  The  output  signal-to-noise  ratio 
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INTRODUCTION 

It  is  well  known  that  weight  coefficients  jitter  in  adap¬ 
tive  arrays  does  not  allow  to  obtain  a  theoretical  limit  of 
the  quality  criterion  [I,  2], 

Sometimes  the  weight  vector  jitter  phenomena  is  called 
a  control-loop  noise,  because  it  is  a  consequence  of 
using  noisy  gradient  estimates  [1],  In  the  real-time 
application,  it  is  not  feasible  to  smootli  the  gradient 
estimates  sufficiently  to  remove  the  effect  of  weight 
fluctuations  because  of  lack  of  time  for  smoothing. 
Note,  that  the  adapted  weight  coefficients  act  as  inte¬ 
grators.  So  accumulation  of  estimating  error  produces  a 
weight  vector  valued  random  walk  effect.  The  deviation 
of  the  weight  vector  sets  up  changes  in  the  output  sig¬ 
nal  characteristics  and  directional  pattern  of  the  an¬ 
tenna  [3]. 

Statistical  analysis  of  weight  jitter  influence  on  tlie 
characteristics  of  adaptive  systems  is  very  complicated. 
Many  authors  studied  weight  jitter  phenomena,  using 
different  assumption  about  statistical  features  of  input 
signals  and  statistical  dependence  between  input  signal 
vector  and  weight  vector  [4  -  10]. 

As  has  been  shown  in  papers  [4,  5],  for  signals  with 
uncorrelated  samples  the  noise  of  weight  coefficients 
always  leads  to  increasing  the  output  power  in  adaptive 
system.  Conclusion  about  increasing  of  the  adaptive 
antenna  additional  output  power  was  obtained  also  in 
the  works  [I,  6]  too,  where  theoretical  analysis  was 
carried  out  for  adaptive  antenna  with  continuous  gradi¬ 
ent  algorithms. 

Statistical  analysis  of  weight  vector  jitter  in  the  adap¬ 
tive  array  witli  gradient  algorithms  for  the  input  signals 
with  correlated  samples  was  carried  out  in  papers  [7- 
10],  There  it  has  been  shown  that  an  influence  of 
weight  coefficients  fluctuations  depends  on  value  of 
coefficient  of  correlation  between  samples  of  input 
signals  and  can  cause  either  increasing  or  decreasing 
("overcompensation")  effect  of  the  output  signal  power 
comparing  with  the  case  when  signal  is  processed  with 
an  optimal,  constant  weight  vector. 

Thus  weight  jitter  influence  on  adaptive  array  charac¬ 
teristics  is  an  equilibrium  condition  balanced  between 
the  gradient  error,  samples  correlation  and  statistical 
dependence  between  weight  vector  and  input  signals. 


In  this  paper  there  are  presented  computer  simulation 
results  that  are  aimed  to  checking  these  theoretical 
conclusions  of  tlie  article  [10]. 


PROBLEM  STATEMENT  AND  SOLUTION 

We  consider  N-element  narrow-band  antenna  array 
with  linear  constraints  on  the  radiation  pattern.  Dis¬ 
crete  gradient  algorithm  for  the  weight  vector  W  of  the 
adaptive  array  is  described  by  N-dimension  vector 
equation  [10,  11]: 

Wik  +  Y)=V{W(k)-juX*(k)X^ ik)W(k)}  +  W^  ,(1) 


w'here:  X{k)  =  S{k)+\{k)  is  a  vector  of  input  signal 
that  is  a  sum  of  useful  signal  S{k)  and  interference 
\{k)  (^<S{k)>-0,<\(k)>=0y,  p  is  coefficient  of 
adaptation;  is  a  vector  of  complex  weight  coeffi¬ 
cients  that  corresponds  to  "desired"  radiation  pattern 
with  no  interference  at  the  environment. 

In  Eq.  (1)  P  =  I-C(C*^C)“'C^ is  a  projection  matrix 
(matrix  filter  in  adaptive  antenna  control-loop),  pro¬ 
viding  the  multiple  linear  constraints  on  spatial  char¬ 
acteristics  of  tlie  adaptive  array;  I  is  an  identity  matrix; 
C  =  [Ci,C2v>Cjr  ]  is  [A'^xi]-  matrix  of  constraints, 
which  columns  are  linear-independent  vectors  of  con¬ 
straints  C; ;  L  is  number  of  constraints;  signs  *,  +  and 
T  denotes  operations  of  complex  conjugate,  Hermitian's 
conjugate  and  transposition,  respectively. 

We  consider  the  narrow-band  adaptive  array  with  cor¬ 
relation  matrix  of  the  input  signals  of  the  form: 

R^(k,k  +  n)  =<X''{k)X'^  {k  +  n)  >=  R^rl"! , 


where  r  is  a  coefficient  of  correlation  between  samples 
of  input  signals,  R^^^.  is  a  spatial  part  of  tlie  correlation 
matrix  of  input  signals. 


In  [10]  in  assumption  of  small  parameter  p  and  apply¬ 
ing  the  theory  of  perturbations,  there  was  obtained  an 
expression  for  the  power  of  output  signal 


<Z  >CT=< 


{k)X(k)  >CT  taking  into  account 


the  weight  vector  jitter  phenomena: 
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2 

<l^r  >cr  =  {l  +  T/^^^^WRxv)}<|^r  >o  (2) 
2  l-r^ 

The  term  <|2p  >o  =  ^^cr^xx^^cT  's  a  power  of  signal 
in  adaptive  array  output  with  constant  stationary  value 
of  the  weight  vector  (without  jitter). 

The  second  tcmi  in  the  formula  (2)  takes  into  account 
weight  jitter  phenomena.  As  seen  from  the  theoretical 
formula,  the  output  power  depends  on  value  of  correla¬ 
tion  coefficient  r  :  at  r  <  1/ Vs  the  power  is  increasing 

(inisadjusment  effect,  [5]),  and  at  r  S  I  / the  power 
is  decreasing  ("overcompensation"  effect ). 

RESULTS  OF  COMPUTER  SIMULATION 

In  this  section  w'c  present  computer  simulation  results 
that  illustrate  the  theoretical  expression  (2). 


sen  equal  to  2-lO^r^ ,  w'hcre  is  an  auto  correlation 
time  of  input  signals  (  measured  in  discrete  time  sam¬ 
ples).  CT  served  as  initial  weight  coefficients,  wliich 
was  obtained  by  means  of  numerical  iterative  solution 
by  Gauss-Zeidel  method  (with  accuracy  e  =  10"’°)  of  a 
stationary  theoretical  equation. 

In  tliis  investigation  we  are  studied  a  transition  from 
increasing  of  additional  output  power  for  signals  with 
uncorrelated  samples  ("misadjasment  effect",  [5])  to 
quality  different  weight  jitter  phenomena,  which  leads 
to  "overcompensation"  effect.  For  this  aim  investigation 
of  samples  correlation  influence  of  the  input  signals  on 
the  value  of  relative  changing  of  the  output  power  (M) 
was  carried  out. 

In  Fig.  I  the  value  of  M  is  plotted  versus  the  r  (coeffi¬ 
cient  of  correlation  between  input  signals  samples)  for 
the  case  of  adaptation  coefficient  p  =  10'^. 


There  was  considered  seven-element  narrow-band 
adaptive  array  with  half-wavelength  spacing,  working 
with  gradient  algorithm  (1)  with  the  single  linear  con¬ 
straint  (L  =  I)  on  the  radiation  pattern.  In  this  case 
matrix  C  has  dimension  [Axl]  and  it  is  equal  to 
C  =  C,  =S*,  where  S  is  a  phasor  vector  of  a  useful 
signal  wave  front: 

S  =[],  expl-yarsint?^}, ...,  exp{-y(A-i)?rsin6>5}]^  . 
In  the  considered  case  projection  matrix  had  a  fonn: 

p  =  i-— c,c;. 

N  ‘  ' 


It  was  assumed,  that  adaptive  array  received  useful 
signal  and  interference  with  correlated  samples.  The 
input  signals  were  formed  by  filtering  two  independent 
Gaussian  "while"  noise  processes.  It  gave  a  possibility 
to  obtain  different  coefficients  correlation  between 
samples  of  input  signals.  Angles  of  arrival  of  the  useful 
signal  and  interference  were  equal  to  0s  =  0°;  0^  =  45°, 
respectively.  The  power  of  interference  was  taken  100 
limes  as  much  as  a  power  of  useful  signal  (20  dB). 
Power  of  the  internal  noise  ("white"  gaussian  noise)  in 
each  adaptive  array  channel  was  taken  equal  to  0.1  (-10 
dB)  of  the  useful  signal  power. 

To  verify  the  formula  (2)  we  made  the  comparison  the 

1  l-3r^ 

theoretical  value  of  M  =  — // - —  .Sp(PR^,.)-100% 

2  l-r 

with  corresponding  empirical  characteristic 


A/=- 


:|Zp 


>r' 


CT 


:|zf 


•100%. 


The  adaptive  array  output  signal  power  was  measured 
by  means  of  lime  averaging  the  realization  of  output 
random  process.  The  length  of  the  realization  was  cho- 


M,% 


-♦ —  theoiy 
Q —  expeiimcnt 


Fig.  1 


From  comparison  of  theoretical  and  experimental 
curves  in  tlie  Fig.  1  it  is  seen,  that  weight  vector  jitter 
influence  on  the  output  power  depends  on  the  value  of 
samples  correlation  of  the  input  signals:  at  r<  0.735 
the  output  power  of  the  signal  is  greater  than  the 
"minimum"  power  (power  that  was  obtained  without 
taking  into  account  tire  weight  vector  jitter),  at 
/•>  0.735  there  is  an  "overcompensation"  effect,  i.e. 
output  power  becomes  less  than  "minimum"  power. 
Some  differences  between  theoretical  and  experimental 
data  are  stipulated  by  limited  time  of  averaging  at  the 
obtaining  of  values  "overcompensation"  power  and 
presence  of  noise  in  adaptive  array  channels. 

In  Fig.  2  and  Fig.  3  the  theoretical  and  empirical  values 
of  M  versus  p.  are  plotted  for  two  different  values  of  r. 
From  the  Fig.  2  it  is  seen,  that  in  the  case  of  high  sam¬ 
ples  correlation  of  the  input  signals  (r  =  0.9)  there  is 
rather  a  good  agreement  of  the  theoretical  and  experi¬ 
mental  results.  Note,  that  "overcompensation"  effect 
reduces  weight  jitter.  Because  of  this,  theory  and  com¬ 
puter  simulation  results  coincide,  when  p  is  rather 
large.  In  the  case  of  uncorrelated  samples  (r  =  0,  Fig.  3) 
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the  additional  output  power  increases.  It  leads  to  in¬ 
creasing  weight  jitter  intensity  and  the  emergence  of 
divergence  betw'ccn  tlieory  and  experiment.  It  is  neces- 
saty'  to  stress,  that  formula  (2)  was  obtained  in  the  first 
Bom's  approximation.  When  p  is  not  small,  Bom's 
approximation  is  not  applicable  and  it  is  necessaty'  to 
use  high  order  approximations. 


-♦ — thcoiy  ,  1=0.9 
■H — experiment,  1=0.9 


Fig.  2 


Fig.  3 


The  research  carried  out  has  confirmed  outcomes  of  tlie 
theoretical  analysis  and  has  showm,  that  in  adaptive 
array  with  gradient  algorithms  the  weight  coefficients 
jitter  can  lead  to  increasing  the  output  signal  power,  as 
well  as  to  its  decreasing. 

The  work  was  carried  out  under  the  support  of  the  Rus¬ 
sian  foundation  of  fundamental  research  (RFFI  grants 
No.  97-02-16525,  No.  96-15-96718)  and  International 
Association  for  the  promotion  of  cooperation  with  the 
scientists  from  the  New  Independent  States  of  the  for¬ 
mer  Soviet  Union  (INTAS  grant  No.  96-2352). 
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ABSTRACT 

A  method  of  synthesis  of  adaptive  antennas  arrays 
(AAA)  control  algorithms,  ensuring  separation  of  inde¬ 
pendent  non-Gaussian  signals  under  conditions  of  a 
priory  unknown  spacing  of  signal  sources  and  charac¬ 
teristics  of  antenna  array  (AA),  is  proposed.  Algorithms 
have  a  low  sensitivity  to  calculation  errors,  random 
fluctuations  of  amplitudes  and  phases  of  signals  in  the 
outputs  of  array  elements  and  spatial  evolutions  of  the 
object,  were  AAA  is  located. 

INTRODUCTION 

AAAs,  providing  separation  of  the  signals  with  coin¬ 
ciding  (close)  carrier  frequencies  and  varying  with 
direction  of  arrival  (DOA)  may  be  used  for  the  solution 
of  many  practical  problems.  In  particular,  in  mobile 
telecommunication  systems  such  AAAs  enable  one  to 
realize  a  multiple  access  with  a  spatial  separation  of 
channels,  supression  of  co-channel  interference,  etc. 
However,  there  arc  several  serious  problems  of  adaptive 
spatial  separation  (ASS)  application  in  practice.  The 
main  one  is  connected  with  the  development  of  blind 
ASS  algorithms  not  employing  model  assumption  about 
DOA  of  signals,  AA  structure  and  characteristics. 

The  problem  of  blind  ASS  algorithms  synthesis  is  the 
topic  of  discussion  in  many  publications,  such  as  [1-3]. 
Some  of  them  are  devoted  to  the  special  case  of  two- 
element  AA,  in  the  others  restrictions  are  imposed  on 
time  structure  of  signals  or  AA  characteristics.  In  addi¬ 
tion,  known  non-parametric  ASS  algorithms  are  extra 
sensitive  to  the  number  of  samples,  computation  errors 
and  other  implementation  restrictions. 

In  the  paper  rather  general  criterion  of  separation  is 
proposed  and  synthesized  blind  ASS  algorithms  are 
presented,  ensuring  signal/noise-t-interference  ratio 
(SINR)  in  the  given  vicinity  of  potentially  achievable 
values  under  conditions  of  various  implementation 
restrictions.  We  used  only  weak  assumptions  on  inde¬ 
pendence  and  non-Gausian  nature  of  input  signals. 

PROBLEM  FORMULATION 

Consider  M-elemental  AAA  of  an  arbitrary  configura¬ 
tion  receiving  narrowband  in  space  and  time  context 
signals  against  a  Gaussian  noise  background.  There¬ 
fore,  disregarding  mutual  coupling  effect  of  antennas. 


we  shall  present  signals  and  noise  in  the  outputs  of 
antenna  elements  (AE)  as  M-dimensional  vector 

(1) 

where  Sl (t)  =  [s, (t)  S2(t)  ...  Sj  (t)f  is  L-dimensional 
vector;  Si(t)  is  a  complex  envelope  of  the  i-th  source 
signal;  D  =  ^2  the  (NxL)  matrix; 

Uj  =[aii  exp(7(p,i)  a2iexp(j(t>2i)  -aMiexp(j(})Mi)]  ; 
a  k  i  is  a  nonnalized  complex  gain  of  the  k-th  AE  in  the 
DOA  of  the  i-th  signal;  is  a  phase  shift  of  the  i-th 
signal  at  the  k-th  AE  due  to  the  space  structure  of  AA 
relatively  it  is  phase  center  point; 
A^(t)=[ni(t)  ...  nj^(t)]^  is  M-dimensional  vector  of 
tliennal  noise;  T  denotes  the  transposition. 

Assume  that  signals  S)(t),  ...,  SlIO,  emitted  by  spatial 
dispersed  sources,  are  independent  non-Gaussian  ran¬ 
dom  processes  with  symmetrical  probability  density 
fimetions,  and  tire  elements  of  noise  vector 
ni(t),  i  =  l,L,  are  joint  Gaussian  centralized  random 
processes.  Besides,  we  shall  consider  DOA  of  the  sig¬ 
nals  to  be  a  priori  unknown,  and  vectors  Li  do  not  allow 
scalar  paramertization  such  as  V{Q  j),  where  0  ;  is 
DOA  of  the  i-th  signal. 

Taking  into  account  these  restrictions,  we  shall  decom¬ 
pose  the  problem  of  algorithms  synthesis  into  two  par¬ 
ticular  tasks; 

Finding  estimations  of  each  vector  V-,,  i  =  1,L  . 

Constructing  on  the  basis  of  V,  estimations  of  separat¬ 
ing  weight  vectors  (WV)  satislying  condition 

q(lfi)>rioi-Ahi  VFj  eG,i,  i  =  l,L  (2) 

where  Ifi  is  SfNR  in  the  i-th  output  of  AAA;  rioi 
potentially  achievable  SINR  value;  atIj  is  the  admissi¬ 
ble  decrease  of  SINR;  =  |  U;  ||  Fj -F;  ||<  5„i  j; 
£  R^, ;  I  ■  I  denotes  the  Hermitian  norm. 

SYNTHESIS  OF  ALGORITHMS 

Using  (2),  we  shall  fonnalize  the  first  partial  task  as  the 
problem  of  estimating  the  matrix  D 
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D  =  /{X(t)}  (3) 

where  D  is  the  estimate  of  D;  ^'(t)  is  the  input  vector; 
/{•}  is  some  operator,  ensuring  fiilfilment  of  the  condi¬ 
tion  D'^D  =  TP,  where  T  is  a  diagonal  matrix,  P  is  the 
permutation  matrix;  “+”  denotes  the  pseudo-inversion. 

It  is  easy  to  show  that  the  energetic  criteria,  character¬ 
istic  for  correlation  theory,  can  not  be  used  for  the  so¬ 
lution  of  the  problem  (3).  Actually,  in  correlation  ap¬ 
proach  any  estimate  can  be  obtained  as  a  result  of 
correlation  matrix  }  analysis, 

where  E{-}  is  the  mean,  H  denotes  Hermitian  conjuga¬ 
tion.  This  matrix  alw.ays  can  be  reduced  to  a  diagonal 
form,  for  instance  BR  xx  ®  ^  ,  where  diagonalizing 

matrix  B  can  be  unitary.  Consequently, 
Rxx  =B-‘TB,  R^  -B»T-''^T-''-B,i.e.  with  the 

accuracy  up  to  a  diagonal  matrix  tlie  diagonalizing 
matrix  B  is  the  square  root  of  Rxx,  and,  as  it  is  known 
decomposition  Rj^^  is  not  the  single 

one  [4]. 

Therefore,  we  shall  denote  yj  =JTj^X(t),i  =  l,L  and 
use  the  theorem; 

Theorem  1.  The  necessary  condition  of  mutual  inde¬ 
pendence  of  signals  in  the  output  of  AAA  is  the  equal¬ 
ity  to  zero  of  all  the  cumulanf  functions,  including 
more  than  one  variable  (mutual  cumulant  functions)  of 

vector7  =  [yj  ...  y^]^. 

The  proof  of  theorem  1  is  based  on  decomposition  of 
natural  logarithms  of  characteristic  functions 

Oy (f)  E{ex-p{j-  F» Y )}  % , ((/. )  =  EfexpOU *y ; ) }, 

(where  denotes  the  complex  conjugation)  into 
Taylor  series  under  condition  of  coefficients  equality 
with  corresponding  powers. 

Note,  that  since  according  to  the  condition,  the  input 
signals  Si(t),  i  =  l,L,  are  mutually  independent,  so 
theorem  1  indeed  detennines  the  necessary  conditions 
of  the  (3)  solution.  However,  in  practice  we  can  not 
minimize  all  mutual  cumulant  functions  of  vector  Y. 
So,  taking  into  account  the  assumption  of  the  s>'mmctiy 
of  input  signals  probability  density  functions,  we  shall 
restrict  ourselves  by  the  minimum  even  value  of  cumu¬ 
lant  function  order  and  present  the  condition  of  matrix 
D  finding  as  follows 

cum(yi,  yj,  y^,  yi)  =  0,  i,j,  k,  1  =  1,L  ,  (4) 

where  cum(  •,•,•,•)  is  a  cumulant  function  of  4-th 
order;  (i,  j,  k,  l)«{i,  j,k,  l|i  =  j  =  k  =  1}; 
y ,  =  W-^X (ty,  M''-,  is  the  i-th  column  of  matrix  D^. 


Replacing  cumulant  functions  with  corresponding  es¬ 
timations  and  solving  the  system  of  non-linear  equa¬ 
tions  (4),  we  can  estimate  the  elements  of  (a  sepa¬ 
rating  matrix).  In  this  case  matrix  D  can  be  defined  as 
pseudo-inverse  one  At  the  same  time  on  the  basis 
of  [1]  tlie  solution  of  sj'stem  of  non-linear  equations  can 
be  replaced  with  joint  diagonalization  of  appropriately 
formed  cumulant  matrices.  It  is  necessary  to  note,  that 
such  a  substitution  directly  detennines  the  elements  of 
matrix  D  (the  mixing  matrix). 

Starting  discussion  of  the  second  partial  task  we  note, 
tliat  the  finding  of  separating  WV  is  possible  by  various 
algoritluns,  for  example,  by  projection  algorithms  [4] 

=p.Fi,  i=o:  (5) 

where  P.  =  B.(BfB.)'‘’Bf 

-  M- 

But  algorithm  (5)  just  as  the  one  realizing  criterium  of 

_  A.  A  ,  A. 

SINR  maximum  W-  =|3R^Fi  where  p  is  a  normal¬ 
izing  coefficient,  R^x  is  tlie  estimate  of  correlation 
matrix  Rxx ,  does  not  ensure  satisfying  of  robustness 
condition. 

However,  it  is  easj'  to  show,  that  in  case  of  projection 
WV  (5)  the  limiting  relation  is  valid 

lim#o.  =lim  QJxJR,,-y{R^,+al))),  (6) 

a->o  a->o  \ 

L 

where  R,.  =  j^R^.  ;  R,,  =F/f;  &(^n(-))  - 

eigenvector,  corresponding  to  maximum  eigenvalue 
Xj.^of  matrix  pencil  R- -7  (Rj;; -t-a  I )  ;  I  is  a  unit 
matrix;  a  e  R  ^  . 

Taking  into  account  (6)  by  analogy  with  [5]  we  shall 
present  the  robust  algorithm  of  ASS  as 

=0(^n.x(^,{Ru-^Rsi})),  i  =  U:,  (7) 

where  F,  {•};TLi(C) ->SLi  (C)  is  some  contracting 

operator;TLi(C)  =  |R,i ->.Rj;i  [R;;  eG^,,Xe  R^  |; 

SLi  (C)  -  ^  e  RLn  (C)  1 1  Z  (B)),  IFo  i )  |  ^  7 o  ^ ; 

/.{■,•)  is  a  generalized  angle  between  two  vectors  in 
complex  Euclidian  space;  RL  (C  )  is  a  set  of  Hermi- 
tian  non-negatively  defined  matrices;  Q  (b))  is  an 
eigenvector,  corresponding  to  maximum  eigenvalue  of 
matrix B;  -/oj  eR^  . 
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Replacing  the  task  of  contracting  operator  synthesis 
with  the  one  of  finding  tliis  operator's  image  in  sub- 
spacc  SLi(C),  I  B  Ip ,  where  |  B  \\^.  denotes  Frobenius 

matrix  norm,  and  using  results  of  [6],  after  not  difficult 
considerations  we  conclude  that  algorithm  satisfying 
condition  (1)  can  be  presented  as 


1 

L  'I'l 

Oi 

11 

X 

i 

^  j=l-Pi 

Pkl  =Pik  e]0...l];  Xj  ePv.,  . 


Eigenvector  can  be  found  by  traditional 

methods  of  linear  algebra  (Jakobi's,  Hausholder's  etc.)- 
At  the  same  time,  algorithms  (8)  can  be  presented  as 
globally  converging  recurrent  procedures 


f 

(  ^  ] 

] 

Wi(A')  +  Pk 

ZiA-  X^jAj 

.  H.j='  J 

ffii(k) 

(9) 


where  Pi;  is  a  step  constant;  Pr{'}  is  a  projector  to 
unitary  hypersphere.  Matrices  Aj  and  scalars 
A,j  included  in  algorithms  (8),  (9)  are  chosen  on  the 

basis  of  a  minima.x  approach  (maximum  possible  value 
of  estimation  error  and  maximum  value  of  interference- 
to-noise  ratio). 


MODELING  RESULTS 

For  illustration  of  robust  algorithms  ASS  efficiency  in 
Fig.  1  experimental  dependencies  of  output  SINP-  on  the 
input  signal-noise  ratio  are  shown.  When  modeling  we 
assumed  that  M=5,  L=3.  Taking  into  account  an  ex-i- 
dent  AAA  symmetty,  we  restrict  ourselves  by  examin¬ 
ing  only  one  AAA  output  (signal  Si(t)  is  the  one  to  be 
found,  S2(t)  and  $3(1)  are  interferences).  Moreover,  we 
used  the  following  assumptions  on  signal-interference 
conditions  and  AA  characteristics:  -  AA  is  linear  and 
equidistant,  an  inter-element  distance  is  d=mi/2  (mi  is 
a  wavelength  of  Si(t));  -  AEs  are  identical  and  non¬ 
interacting;  -  DO  As  of  the  signals  sfyt),  S2(t)  and  83(1) 
are  defined  relatively  to  a  normal  to  AA,  0,  =30°, 
02  =50°, 63  =85°;  carrier  frequencies  of  all  signals 
are  equal;  -  input  SINRs  are  101g(P2/CT^)  =  20  dB  (Pj, 
P2  are  powers  of  the  second  and  the  third  signals,  cr^  is 
a  dispersion  of  Gaussian  noise. 

Vectors,  characterizing  signals  spatial  structure  were 
estimated  by  solving  a  system  of  nonlinear  equations 

(4)  with  the  following  errors;  6^,  =  |j  F,  -F,  j|  <  1.293  , 
I  Fj  -  Fj  I  <  0.997  ,  I  F3  -  F3  I  <  0.1 96 .  Elements  of 


matrices  Ai,  A2,  A3  and  coefficients  ?t,,?.2A3  were 
defined  with 

Api  =0.9  dB  ;  =1.3; 

max(  10  lg(Pi  /  CT J ))  =  40  dB. 

The  dependence  1  (Fig.  1)  corresponds  to  algorithm  (9) 
and  dependence  2  -  to  algorithm  (5),  For  comparison  in 
Fig.  1  the  potentially  achievable  value  of  output  SINR 
(dependence  3)  is  also  shown.  The  dependencies  (Fig. 
1)  show,  that  efficiency  of  ASS,  realized  according  to 
algorithm  (9)  is  close  to  potentially  achievable  in  rather 
wide  class  of  signal-interference  conditions  and  is 
weakly  dependent  on  input  SINR. 


0  5  10  15  20  25  30  35 

Input  SINR,  (dB) 

Fig.  1 
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The  block  diagrams  of  multiplicative  antennas  with  nonredundant  apertures  of  the  Mills  cross  type  using  a  combina¬ 
tion  of  autocompensation  of  interference  and  seif-focusing  modes  are  considered.  The  possibilities  of  application  of 
such  antennas  in  the  direction  finding  of  a  radiation  source  (RS)  are  analyzed.  It  is  shown  that  tlie  combination  of  two 
mutually  perpendicular  adaptive  linear  antenna  arrays  can  provide  a  correct  evaluation  of  two  angular  coordinates. 


Recently  in  the  theoiy'  and  engineering  of  antenna  ar¬ 
rays  (AAs),  there  have  appeared  and  are  actively  ad¬ 
vancing  the  adaptive  methods  of  signal  processing  that 
enable  one  to  increase  essentially  the  angular  resolution 
of  tlie  non-corrclated  radiation  sources  (RS)  in  com¬ 
parison  with  traditional  methods  of  scanning  by  an  AA 
beam  and  output  power  evaluation.  By  using  these 
methods  which  are  frequently  called  the  "superresolu¬ 
tion"  methods  (Capon's  method,  thermal  noise,  MU¬ 
SIC,  Root-music  etc.),  it  is  possible  to  detennine  angu¬ 
lar  coordinates  of  RS  in  one  plane  p  (e)  with  high 
accuracy.  For  measuring  the  second  angular  coordinate 
of  each  RS,  a  highly  directive  scanning  antenna  can  be 
used,  but  it  requires  much  time,  survey  coordination, 
and  does  not  solve  the  problem  of  a  joint  measurement 
of  two  angular  coordinates  because  of  a  high  probability 
of  false  bearings. 

Two  main  principles  of  constructing  two-dimensional 
direction  finder  with  false  bearing  elimination  on  the 
basis  of  linear  adaptive  AAs  of  the  Mills  cross  type  are 
analyzed. 

The  Mills  cross  is  a  system  with  empty  aperture.  Here, 
the  fact  that,  in  a  passive  system,  the  pattern  is  deter¬ 
mined  not  by  the  aperture  itself  but  by  the  autocorrela¬ 
tion  of  subapertures  is  used  more  completely.  The  Mills 
cross  represents  an  example  of  nonredundant  apertures 
realization  in  which  the  number  of  degrees  of  freedom 

is  equal  to  -  N  ,  where  N  is  the  number  of  receiving 
elements  [2].  This  is  of  great  importance  for  adaptive 
systems  of  aperture  processing.  Taking  into  account 
that  for  optimum  aperture  processing  of  signals  from 
each  RS  at  the  back-ground  of  others  it  is  necessary  tj 
have  their  number  not  greater  than  N  -  1  (N  -  1  is  the 
number  degrees  of  freedom  of  antenna  array),  tlie  ad¬ 
vantage  of  application  of  antenna  systems  of  the  Mills 
cross  type  becomes  obvious. 

It  is  also  known  that  the  Mills  cross  pattern  is  equiva¬ 
lent  to  a  product  of  patterns  of  antenna  arrays  forming 
the  cross  by  the  voltage,  i.  e.  : 


where  F’j(j3,E)  and  F2i^,z)  are  the  pattern's  of  arrays 

forming  the  Mills  cross;  *  denotes  the  operation  of  the 
complex  conjugation. 

In  principle  cross-shaped  antennas  can  achieved  the 
same  accuracy  of  measurement  as  a  plane  one  of  the 
same  dimensions  [1]. 

In  die  first  case,  the  principle  of  constructing  a  two- 
dimensional  direction  finder  on  the  basis  of  multiplica¬ 
tion  of  signals  by  an  adaptive  linear  AA  with  Capon's 
"superresolution"  algoridim  in  the  azimuthal  plane  and 
multibeam  dynamic  anterma  in  the  elevation  plane  in 
correlation  identificadon  of  two-dimensional  bearings 
is  proposed. 

The  simplified  block  diagi'am  of  such  a  direction  finder 
is  given  in  Fig.  1.  In  Fig.  1,  the  new  notation  is  intro¬ 
duced:  DAA  is  the  dynamic  antenna  array;  LAAA  is 
the  linear  adaptive  AA  with  processing  unit  ensuring 
memorizing  and  restoring  optimum  azimuth  gain- 
phase  distribution  (APD)  on  each  RS  by  means  of 
ranging  their  power;  CC  is  the  computer  of  coordi¬ 
nates;  Ec  is  the  electronic  commutator;  FP  is  the  Fou- 
rier-processor;  AD  is  the  adaptive  detector;  CSEFB  is 
the  correlation  system  of  elimination  of  false  bearings; 
WR  is  the  weight  regulator. 

In  briefly,  we  note  the  main  moment  in  the  operation  of 
such  a  direction  finder.  The  azimuth  channel  produces 
the  infonnation  on  all  RS,  and  the  priorities  of  their 
servicing.  Then  we  find  the  weight  coefficients  Wj  (p, ) 
and  IF/(P;  )  corresponding  to  the  pattern  values  of  all 
RS  in  azimuthal  plane,  where 


A 


(2) 

A 

(3) 

where  Si(pi)  the  vector  of  expected  signals  of  the  inter¬ 
fering  ith  RS  from  the  ith  azimuth  value;  Sj  (P^)  is  the 
vector  of  expected  signals  of  the  yth  RS  under  bearing 

A 

from  the  jth  azimuth  value,  is  the  estimate  of 
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reciprocal  correlation  matrix  of  interference  in  the 
azimuth  direction-finding  channel. 

It  can  be  shown  that  in  such  a  sj'stem  the  power  at  the 
correlator  output  is  equal: 

m 

^output  ~  ^P/  > 
j=! 

where  p,  is  the  cross  correlation  coefficient. 

The  expression  (4)  has  global  maxima  in  joint  evalua¬ 
tion  of  angular  coordinates.  Tiic  excess  of  the  tlireshold 
corresponding  to  the  level  of  summaiy  signal  of  the 
CSEFB  channel  at  the  expense  of  using  a  stringent 
limited  can  serve  as  a  criterion  of  identification. 


Fig.  1.  Phase-locked  AA  of  a  two-dimensional  direction 
finder  with  the  correlation  identification 


The  expression  for  the  signal  intensities  of  the  RS  un¬ 
der  bearing  at  the  background  of  all  interfering  RSs  at 
the  threshold  device  output  has  the  fonn  like  follows: 


,=1  ;=i 


where  /T^(e,  )  is  the  squared  pattern  of  dynamic  AA;  k 
is  the  number  corresponding  to  the  direction  of  the 
pattern  maximum;  H,  is  the  interference/noise  ratio  (of 
the  interfering  RS);  H;  is  the  signal/noise  ratio  (SNR) 
(of  the  RS  under  bearing);  N  is  the  number  of  antenna 
array  elements.  Thus  the  background  level  hindering 
the  identification  on  each  interfering  RS  is  detennined 
by  the  formula: 

^ut.backgiuund  m  r  im  ’ 

(=1  /=i 


The  relations  (5),  (6)  enable  one  to  estimate  the  identi¬ 
fication  efficiency  at  any  energy  relation  in  channels. 
The  application  of  such  a  scheme  enable  one  to  deter¬ 
mine  unambiguously  two-dimensional  bearings  on  RS 


but  this  requires  a  correlation  system  of  elimination  of 
false  bearing  (CSEFB). 

Consider  an  antenna  of  the  Mills  cross  type,  wliich 
consists  of  two  linear  adaptive  AAs  normal  to  each 
other.  The  field  polarization  is  the  same  for  both  AAs. 
In  such  a  sy’stem,  it  is  possible  to  define  two  angular 
coordinates  of  RS  if  one  of  AA's  of  the  cross  (the  azi¬ 
muthal  one)  evaluates  tlte  RS  azimuth  on  the  basis  of 
one  of  the  algorithms  of  "superresolution"  type  and  the 
elevation  linear  AA  is  a  self-focusing  antenna  array 
(SFAA). 

The  block  diagram  of  such  a  system  is  given  in  Fig,  2. 
It's  operation  consists  in  the  following.  The  azimutltal 
channel  produces  information  on  the  position  of  all  RSs 
and  tlicir  priorities.  The  most  powerful  RS  has  the 
highest  priority.  Further,  output  signal  of  the  azimuthal 
AA  is  fed  to  tire  main  channel  of  tire  elevation  SFAA  as 
a  reference  signal  Sp(t).  Any  signal  received  by  the 
elements  of  elevation  SFAA  passes  through  the  corre¬ 
sponding  amplifiers  Kl,...,  Kn  (with  controlled  ampli¬ 
fication  factors  and  phases)  and  then  enters  the  sum- 
mator  forming  the  output  signal  of  the  array  SE(t). 
Further  the  output  signal  of  the  elevation  AA  Se(t)  is 
compared  to  tire  reference  one  Sp(t),  and  the  error  sig¬ 
nal  A(t)  is  fed  to  tire  input  of  the  feedback  system:  the 
device  of  tire  weight  coefficients  control  (DWCC), 
regulating  the  complex  weights  Kn.  Any  reeeived  sig¬ 
nal  which  is  not  presented  in  Sp(t)  is  perceived  as  an 
error  signal  and  the  feedback  system  regulates  the 
weight  coefficients  to  eliminate  it  from  the  output  sig¬ 
nal.  As  a  result  the  antenna  pattern  maximum  is  deter¬ 
mined  in  the  direction  of  reference  sigiral,  and  the  pat¬ 
tern  zeroes  in  other  directions.  The  elevation  adaptive 
AA  is  focused  at  the  signal  of  the  azimuthal  channel. 
Removing  this  signal  in  a  steady  —  state  mode  of  APD 
at  the  DWCC  output  and  subjecting  it  to  a  further  proc¬ 
essing  in  the  Fourier-processor  (FP)  and  CC  (computer 
of  coordinates),  we  can  obtain  the  RS  elevation  angle 
value  from  the  given  azimuth  direction.  The  advantage 
of  such  a  system  is  that  it  does  not  requite  using  a  spe¬ 
cial  scheme  for  measurement  identification.  The  meas¬ 
urement  coordination  occurs  automatically  at  the  ex¬ 
pense  of  elevation  SFAA  properties. 

SNR  at  the  output  is  determined  by  the  following  ex¬ 
pression: 


1-fv,  ■A^-(2-(-v,-W)-[i-F^(m) 


(7) 


where  v^  is  the  signal  power  received  by  a  signal  ele¬ 
ment  and  expressed  through  the  power  of  its  own  noise; 
F(u)  is  the  normalized  antenna  pattern;  N  is  the  num¬ 


ber  of  elements;  u  =  — d  sin 

X 


a. 


In  the  adaptation,  the  pattern  width  at  half-power  re¬ 
duces  by  a  factor  of  0.81  v^N,  i.e.  in  proportion  to  the 
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received  signal  power.  The  more  powerful  signal,  the 
greater  the  narrowing  of  main  maximum.  The  main 
maximum  sharpening  increases  the  accuracy  of  deter¬ 
mining  the  signal  arrival  direction,  i.e.  the  array  direc¬ 
tion-finding  ability.  At  large  values  of  N,  we  can  suppose, 

^  .  sm0.5Nti  sinx 

witli  sufficient  accuracy,  F{u)  ■ 


Nsin(0.5u) 


Nu 


x  =  -j-  and  the  zone  width  where  the  signal  power 

exceeds  the  noise  power  x  a  ■  For  compari¬ 

son,  X  a  1.40  in  the  case  of  non-adaptive  pattern  [3]. 


Fig.  2.  PAA  of  a  two-dimensional  direction  finder 
with  a  self-focusing 


Consider  now  the  possibility  of  application  of  an  an¬ 
tenna  of  the  Mills  cross  type  in  multipositional  system. 

The  usage,  in  one  of  the  receiving  stations  of  a  mul¬ 
tipositional  antenna  s>  stem  of  the  Mills  cross  tjpe  con¬ 
sisting  of  two  SFAAs  enable  one  to  implement  joint 
measurement  of  two  coordinates  and  to  assure  auto¬ 
matical  survey  coordination  in  the  angular  coordinates 
by  diversity  receiving  station.  In  Fig.  3,  a  diagram  in 
which  every  subsystem  of  the  Mills  cross  is  SFAA  is 
represented.  As  a  reference  signal  for  the  cross  subar¬ 
rays,  a  LAAA  signal  from  one  of  the  receiving  stations 
evaluating  the  azimuth  of  all  RS  using  one  of  the  "su¬ 
perresolution"  algorithms,  their  ranging  and  assuring 
the  memorizing  and  restoration  of  tlie  optimum  azi¬ 
muth  APD  on  each  RS  under  bearing  is  used.  The  con¬ 
stant  delays  by  2xb  are  introduced  in  order  to  compen¬ 
sate  tlie  delay.  The  cross  SFAA  is  focused  at  the  signal 
of  RS  for  which  the  delay  is  compensated  in  the  line  of 
changing  delay  and  it  is  extracted  at  simultaneous  sup¬ 
pression  of  the  interfering  RS  oscillation.  Thus,  an 
automatic  coordination  of  space  survey  is  realized.  In 
the  direction  of  this  RS  the  pattern  maximum  is  deter¬ 


mined  and  in  the  other  interfering  RSs,  the  pattern  gaps 
are  formed.  By  removing  them  in  tlie  steady-state  of 
APD  from  the  subarrays  and  subjecting  to  fiirther  proc¬ 
essing  in  FP  and  CC,  it  is  possible  to  determine  tlie 
angular  coordinates  of  the  selected  RS  (8,P)  from  the 
removed  unit  (RU).  Besides,  if  in  one  of  the  processing 
units  the  oscillation  difference  is  to  be  measured,  i.  e. 
Use  a  goniometrical-difference-distance  measuring 
technique,  it  is  possible  to  calculate  the  P,S  coordinates, 
and  a  redundant  measurements  presence  will  result  in  a 
higher  accuracy  of  coordinate  detennination  [4]. 


Fig.  3.  Multidimensional  direction  finder  in  a  diversity 
reception  system 


In  Fig.  4,  the  results  of  PAA  operation  simulation  of 
two-dimensional  direction  finder  with  CSEFB  are  pre¬ 
sented.  From  Fig.  4,  it  is  seen  that  when  changing  the 
azimuthal  position  of  the  RS  under  bearing  (in  tlie  left 
part  of  the  graph)  we  have  a  steady  estimate  of  its  an¬ 
gular  position.  At  coincidence  of  azimuth  directions  of 
the  RS  under  bearing  and  the  interfering  one,  a  coordi¬ 
nate  measurement  of  two  RSs  is  assured.  The  model  is 
developed  for  two  AAs  consisting  of  8  elements  and 
two  RSs. 
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The  results  of  experimental  investigations  are  presented 
in  Fig.  5.  Here  a  new  notation  is  introduced;  A  is  the 
initial  pattern  of  linear  adaptive  AA  of  the  Mills  cross 
t>pe;  B  is  the  pattern  restored  in  APD  on  the  basis  of 
the  Caypon  algorithm;  C  is  the  focused  pattern  of  linear 
adaptive  AA.  The  arrows  show  the  directions  to  the 
interfering  RSs.  The  double  arrows  show  the  directions 
to  RS  under  bearing.  RS  power  values  (counting  from 
left  to  right)  are  respectively:  20,  10,  20,  10,  10,  20  dB. 
As  it  is  seen  from  Fig.  5,  the  maxima  of  restored  and 
focused  patterns  have  one  global  maximum  in  the  di¬ 
rection  to  RS  under  bearing  while  in  the  direction  of 
the  other  five  interfering  RSs  the  pattern  zeroes  (gaps) 
are  fonned. 


Fig.  4 


Fig.  5 


Thus,  the  construction  of  two-dimensional  direction 
finders  based  on  adaptive  AAs  with  nonredundant 
apertures  of  the  Mills  cross  type  ensures  one-to-one 
measurement  of  the  RS  angular  coordinates.  The  use  of 
SFAA  in  the  Mills  cross  structure  in  the  case  of  a  mul- 
tipositional  reception  enable  one  to  determine  unambi¬ 
guously  the  angular  coordinates  of  RS  in  automatic 
space  survey. 
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Algorithms  of  PAA  adaptation  for  technical  conditions 
and  algorithms  of  self  focusing  under  failure  of  a  part 
of  the  beam  control  system  (BCS)  executive  elements  or 
under  non-excitation  of  a  number  of  channels  become 
low-efficient.  The  reason  is  that  the  restoration  of  the 
calculated  (non-disturbed)  amplitude-phase  distribution 
(APD)  in  the  rest  of  the  controlled  channels  doesn't 
mean  achieving  the  aims  of  adaptation  for  the  integral 
criteria,  for  example,  scattering  coefficient  minimum. 

In  the  case,  when  the  array  has  uncontrolled  or  non- 
excited  channels,  the  APD  synthesis  problem  is  to  be 
solved  for  a  remained  sen'iceable  part  of  the  array  in 
order  to  provide  significantly  more  improved  values  of 
the  chosen  array  qualitative  indices  than  of  the  array 
with  failures  under  calculated  APD. 

The  aim  of  this  paper  is  to  consider  the  method  and 
algorithms  of  such  a  APD  synthesis  problem  solution  in 
tlie  real  time. 

The  idea  of  the  offered  method  consists  in  the  follow¬ 
ing.  Within  the  regime  of  tlie  functional  control  of  tlie 
radio  technical  system  (RTS)  with  PAA  one  of  the 
diagnostics  algorithms  defines  non-excited  and  uncon¬ 
trolled  channels.  This  information  is  stored  and  used 
for  PAA  modeling  and  APD  in  it  under  the  action  of 
the  standard  control  signals  on  the  BCS  executive  ele¬ 
ments  calculated  for  the  array  phasing  in  the  given 
direction.  The  adaptive  synthesis,  i.e.  the  APD  adapta¬ 
tion  for  the  failures  appeared  in  the  array  (which  can 
not  be  overcome  by  electrical  methods),  is  implemented 
not  for  the  array  itself  but  for  its  mathematical  model 
used  in  the  BCS. 

Such  traditional  indices  as  attainment  of  directive  gain 
(DG)  maximum,  scattering  coefficient  minimum  or 
some  others  can  be  chosen  as  the  model  adaptation 
criteria.  Application  of  the  depth  of  nulls,  being  re¬ 
stored  in  the  directions  corresponding  to  the  non- 
disturbed  APD,  to  the  RP  adaptive  synthesis  as  the 
quality  criterion  is  new  in  the  offered  method.  At  first  it 
is  merely  an  intuitive  premise,  later  on  it  was  com¬ 
pletely  verified  by  the  simulation,  modeling  the  synthe¬ 
sis  process. 

The  following  can  be  used  as  the  model  adaptation 
algorithms  when  realizing  the  sy  nthesis: 


the  gradient  adaptation  algorithms  by  the  criterion  of 
attaining  maximum  (minimum)  of  the  chosen  array 
quality  index; 

the  algorithms  of  nulls  formation  in  the  direction  of 
nulls  of  the  calculated  (ideal)  RP. 

The  paper  presents  tlie  results  of  the  tests  of  both  types 
of  the  algorithms  for  the  simulation  models. 

Fig.  1  shows  RP  Fa(g)  (a  solid  line)  obtained  as  a  result 
of  adaptation  of  the  phase  distribution  by  the  criterion 
of  attaining  the  DG  maximum  in  the  eight-channel 
Dolph-Chebyshev  array.  Here  and  in  the  other  figures 
tlie  ideal  RP  Fo(g)  are  shown  with  dashed  lines  and  RP 
F(g)  are  shovm  with  dotted  lines  corresponding  to  the 
APD  before  the  adaptation  (for  Fig.  1  two  channels 
"set"  by  the  phase  by  ±0.5  rad,  for  the  rest  the  com¬ 
pensated  distortions  with  a  standard  deviation  (SD) 
amounted  to  0.2  rad). 

Figs.  2  and  3  show  the  results  of  tlie  adaptive  synthesis 
when  forming  the  difference  RP  in  16-eIemental 
(Fig.  2)  and  32-elemental  (Fig.  3)  arrays  by  the  algo¬ 
rithms  forming  the  gaps  in  the  nulls  direction  of  the 
ideal  RP:  in  the  16  channel  array  -  by  the  algorithm 
based  on  defining  tlie  coefficients  of  the  spatial  spec¬ 
trum  of  the  APD  forming  the  gaps  only  in  the  places  of 
even  nulls  of  the  ideal  RP,  in  the  32  channel  array  -  by 
the  algorithm  of  the  direct  inversion  of  tlie  correlation 
matrix,  that  forms  the  gaps  in  the  direction  of  all  nulls 
of  the  ideal  RP. 

The  initial  APD  for  both  arrays  are  characterized  by  a 
faulty  state  of  25  %  of  tlie  channels  (lack  of  excitation 
in  15-20  %  of  tlie  channels  plus  uncontrolled  state  by 
phase  in  5...  10  %  of  the  channels).  In  the  controlled 
channels  the  distortions  of  the  APD  with  SD  are  witliin 
0.2, 

The  results  of  statistical  tests  of  the  indicated  types  of 
algorithms  carried  out  by  the  authors  allow  to  fonnulate 
recommendations  for  their  application  when  solving 
the  adaptive  sjmthesis  problems: 
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Fig.  1 


Fig.  2 

the  gradient  algorithms  of  synthesis  of  phase  distribu¬ 
tion,  ensuring  the  maxiniuin  DG,  function  successfully 
in  arbitrary  combinations  of  the  phase  shifter  (PS) 
failures  in  25%  of  the  array  elements.  An  appreciable 
deterioration  in  adaptation  (as  compared  to  the  algo¬ 
rithms  of  gaps  formation  in  the  RP)  is  observed  when 
part  of  channels  is  not  excited.  The  reason  is  in  the 
absence  of  possibilities  to  change  the  amplitude  distri¬ 
bution; 

the  synthesis  algorithms  based  on  the  nulls  restoration 
operate  successfully  with  arbitrary  combinations  of  the 
PC  failures  and  the  non-excited  channels  (up  to  20  %). 
An  appreciable  deterioration  in  adaptation  is  observ'ed 
in  the  presence  of  the  APD  distortions  in  the  controlled 
channels  as  well.  The  reason  is  that  in  this  case  the 


depth  of  the  gaps  being  fonned  by  the  adaptive  algo¬ 
rithm  decreases  noticeably. 


8 

Fig.  3 

The  influence  of  APD  distortions  over  the  whole  aper¬ 
ture  manifests  itself  But  this  shortage  is  easily  remov¬ 
able  by  the  successive  application  of  two  algorithms: 
first,  the  adaptation  for  the  distorted  APD  and  then  the 
nulls  restoration  of  the  ideal  RP. 

In  conclusion  it  should  be  noted,  that  going  to  the  syn¬ 
thesis  on  the  array  model  makes  the  synthesis  results 
precision  dependent  on  the  diagnostics  precision  and  on 
the  used  array  model  precision.  But  these  shortages  can 
be  overcome  by  making  the  requirements  to  the  diag¬ 
nostics  precision  and  the  array  model  precision  more 
rigid. 

The  arguments  in  favour  of  going  to  the  synthesis  on 
the  array  model  arc  as  follows: 

the  adaptation  time  doesn't  depend  neither  on  the  inten¬ 
sity  of  received  signals  nor  on  PS  inerliality  but  on  the 
processors  speed  ; 

the  procedures  of  diagnostics  and  synthesis  through  the 
array  adaptation  can  be  realized  in  the  regime  of  the 
RTS  control  and  in  the  process  of  the  main  operation  it 
remains  only  to  recover  the  results  of  the  adaptation 
from  the  memory. 

In  file  RTS  with  a  limited  number  of  the  RPs  being 
formed  (for  example,  in  the  surveillance  raiders)  it 
allows  to  cany'  out  adaptation  for  every  new  array 
phasing  in  the  real  time. 
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RADIATION  OF  THE  MULTI-MODE  SLOTTED  RADIATOR 

V.  Antyfeev,  A.  Borsov,  A-  Sokolov 
Moscow,  Russia 


Usage  of  the  multi-mode  slotted  radiator  (MSR)  as 
discrete  radiators  of  multi-element  uniform  linear  ar¬ 
rays  is  offered  the  exterior  is  adduced  in  a  Fig.  1.  MSR 
having  a  relative  simplicity  of  a  design  provides  a  ca¬ 
pability  of  forming  of  the  funnel-shaped  polar  pattern 

(PP). 


Fig.  1.  The  multi-mode  slotted  radiator 


The  offered  equivalent  circuit  of  MSR  (Fig.  2)  com¬ 
pletely  describes  its  impedance  properties.  The  calcula¬ 
tion  of  parameters  of  an  equivalent  circuit  and  radiator 
PP  requires  consideration  of  a  number  of  internal  and 
external  problems  of  an  electrodynamics  having  essen¬ 
tial  differences.  In  accordance  with  fact,  it  is  possible 
practically  in  any  case  to  present  die  solutions  of  the 
Max^vell  equations  detennining  an  electromagnetic 
field  in  closed  area,  by  decompositions  on  eigenwaves, 
for  which  tlie  discrete  spectrum  of  eigenvalues  is  char¬ 
acteristic.  In  a  case  of  unlimited  area  the  spectrum  of 
eigenvalues  becomes  continuous. 


Fig.  2.  The  equivalent  circuit 
of  the  multi-mode  slotted  radiator 


It  was  routined,  that  for  PP  definition  of  the  MSR 
whose  aperture  is  excited  by  a  combination  of  waves 
such  as  FTao  and  H\o,  and  also  for  calculation  of  their 
reflectance's,  it  is  necessaiy  to  consider  a  problem  of 
the  aperture's  radiation  excited  generally  by  a  wave 
such  as  /fpo  (where  p=  1,  3,  5...  -  any  odd  number)  [TJ. 

Opposite  to  closures,  which  all  characterized  by  the 
discrete  spectrum  of  eigenwaves,  the  representation  of  a 
field  in  unlimited  transversal  area  assume  an  air  of  a 
continuous  spectrum  and  is  described  by  a  Fourier 
integral  by  the  solution  of  a  bivariate  wave  equation  in 
open  area: 


cp(x,z)  =  —  |(j)(a)exp(-  yooc)exp(- 7x)c/a 


Where  (fiCa)!®  spectral  amplitude  of  a  plane  wave; 
y  =  y/a^  -k'^  . 


The  definition  of  (ti(a) -function  is  tlie  basic  moment  in 
problems  of  finding  out  of  a  radiation  field  in  open 
areas.  The  analysis  of  modification  of  the  generalized 
wave-guide  frame  with  a  triple  bifurcation  [1],  in  which 
the  dimension  L->  oo,  has  allowed  to  determine  (f)-value 
in  an  obvious  view.  In  particular,  for  frame  without 
dielectric  filling: 


(i)  =  J — - IsinSl  X 

il%kp  '  ' 
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These  ratios  allows  to  calculate  PP  of  the  MSR  aper¬ 
ture's  radiation,  which  is  excited  by  wave  such  as  Hpo 
(where  p  is  an  odd  index),  and  to  calculate  amplitude 
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Fig.  2. 

Experimental  (1 )  and  computational  (2)  PP  of  MSR  (L  =  2.4?.,  a  =  0.65?.) 


and  phase  rcfleclanccs  and  transformations  of  waves  in 
aperture.  In  process  of  calculation  of  parameters  of  the 
equivalent  circuit  of  the  multi-mode  slotted  radiator 
excited  by  a  combination  of  waves  such  as  //30  and  /fio 
it  is  necessary  to  consider  not  only  complex  reflectances 
of  this  t}pe  of  waves,  but  also  transformation  ratios  of  a 
//30-wavc  into  //|o-wavc  and  //10-wave  into  //30-wave, 
which  can  propagate  in  A-area. 

The  results  of  calculations  of  relations  of  amplitudes 
and  phases  of  reflectances  depending  on  tlie  length  of 
aperture  arc  adduced.  The  analysis  of  the  obtained 
results  has  shown,  that  firstly,  the  amplitudes  of  reflec¬ 
tances  descend  faster  with  increase  of  length  of  aperture 
and  at  A  =  2.0  -t-  2.4?.  —  are  insignificant,  and  sec¬ 
ondly,  the  transformation  ratios  on  the  value  in  a  num¬ 
ber  of  cases  surpass  reflectances.  At  filling  of  aperture 
of  a  slot  by  the  dielectric  with  low  values  of  a  permit¬ 
tivity  6=  1.2  ...  2.4,  some  increase  of  values  of  aper¬ 
ture's  reflectances  is  observed.  Thus  tlie  filling  by  the 
dielectric  has  a  bit  influence  on  the  PP  shape. 

The  obtained  results  are  in  good  compliance  with  con¬ 
clusions  of  [2-3],  in  which  the  problems  of  radiation  of 
the  open  end  of  fiat  hollow  waveguide  and  those  one 
with  dielectric  filling  were  considered.  With  the  pur¬ 
pose  of  check  of  theoretical  outcomes  the  e.xperimental 
researches  of  multi-mode  slotted  radiators  made  from 
the  standard  waveguide  of  3. 4x7. 2  mm  cross-section, 
which  dwarfed  broad  wall  has  transversal  rectangular 
narrow  cutted  slots  of  length  0.65  and  0.75X.  The 
changeable  nozzles  have  allowed  the  change  of  length 
of  a  beaming  slot  stepwise  from  1.8  up  to  2.4?.. 


As  an  example,  funnel-shaped  PP  of  the  multi-mode 
slotted  radiator  with  L  =  2.4?.,  a  =  0.65X.,  obtained  as  a 
result  of  measurements,  is  adduced  in  a  Fig.  2.  For 
matching  experimental  sector  PP  (1)  and  computational 
PP  (2)  is  adduced.  It  is  clear  that  the  good  identity  of 
theoretical  and  experimental  result  takes  place,  but  at 
some  values  of  the  sizes  a  and  L  more  essential  differ¬ 
ences  were  observ'ed,  depending  on  inaccuracies  of 
manufacturing  and  assembly  of  the  radiator. 
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SMALL-SIZED  DIELECTRIC  SPLIT  ANTENNA 
OF  ROUND  CROSS-SECTION 

V.  Antjfccv,  A,  Borsov,  A.  Sokolov 
Moscow,  Russia 


The  main  imperfection  of  dielectric  antennas  marked  in 
large  length  of  a  dielectric  rod  becomes  an  essential 
obstacle  of  use  of  these  antennas  as  quality  weak- 
directional  independent  antennas  and  as  units  of  com¬ 
plex  antenna  arrays.  So  in  8  mm  wave  band  length  of 
dielectric  rod  indispensable  for  forming  of  the  direc¬ 
tional  PP  having  width  25-30°  on  a  half-power  level, 
approximately  will  make  of  5-6  wavelengths,  i.e.  40- 
50  mm,  and  the  design  requirements  admit  length  of  a 
protuberance  no  more  than  12-15  mm  (1.5-1.9?t). 

Therefore,  the  problem  of  substantial  improvement  of 
directional  properties  of  a  dielectric  rod  feel  a  rather 
actual,  that  will  allow  to  use  for  forming  of  PP  in  width 
25-30°  at  a  level  of  lateral  radiation  not  superior  18- 
20  dB,  dielectric  antennas  of  length  no  more  than  2X. 


Eq  -  —  {jk{nz  -  cos  O)]  •  Jj  (AjPo  )  •  /lo  •  -f  20 . 

Po 

-^0  '^1  ''^i{hPo)-ho-ho- 

Here  po  is  radius  of  dielectric  rod,  Jj  (ki,  po)  —  Bes- 
selian  function  of  the  first  kind  and  of  the  first  order,  Eq 
—  scale  factor.  The  integral  multiplicands  /jo,  fio*  and 
I2,  detennining  directional  properties  of  the  antemia, 
are  determined  by  a  kind  of  a  correcting  function  ©(z), 
which  one  in  pursuant  to  [1]  is  selected  as: 

co(z)  =  d  +  (1  -  rf  )sin^— j . 

Then,  the  integral  multiplicands  can  be  presented  as: 


For  improvement  of  directional  properties  of  short 
dielectric  antennas  excited  by  the  basic  wave,  usage  of  a 
flat  metal  inset  into  a  dielectric  rod  from  the  waveguide 
aperture  to  the  end  of  a  rod  is  olfered  (Fig.  1). 


As  tlie  conducted  researches  have  shown  [1],  for  the 
description  of  emitting  properties  of  short  dielectric 
antennas  having  round  cross-section  and  excited  by 
wave  such  as  Hu,  it  is  possible  to  take  advantage  of  a 
method  of  equivalent  surface  currents  if  to  enter  a  cor¬ 
recting  factor  into  expression  for  a  field  pattern 
lengthwise  of  dielectric  rod.  Pursuant  to  this  method 
components  of  electrical  fields  of  radiation  of  a  dielec¬ 
tric  split  antenna  having  round  cross-section  and  ex¬ 
cited  by  /fii-wave  in  spherical  coordinate  system  is 
possible  to  obtain  as: 
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Fig.  2. 

PP  of  dielectric  split  antennas  having  length  2. OX  and  diameter  0.92A.  and  Sr  =  2.6, 
obtained  by  theoretical  and  experimental  methods 


The  analysis  of  frictors  /lo,  fio  and  h  has  shown,  that 
first  and  second  one  lake  into  account  the  contribution 
into  PP  the  allocation  of  a  field  pattern  lengthwise  of 
rod,  and  h  —  on  its  cross-section.  Improvement  of  an 
aerial  directivity  is  reached  by  introduction  of  a  thin 
conducting  stratum  on  a  shaft  axle  in  parallel  to  E- 
vector.  The  increase  of  e^  without  changing  of  cross- 
sectional  dimensions  and  dielectric  constant  of  a  rod 
also  results  in  increase  of  a  directivity  of  the  dielectric 
antenna  and  in  77  and  E-  planes. 

The  value  of  variable  (mz)  was  determined  as  the 
solution  of  a  transcendental  secular  equation.  Then  die 
expressions  for  factors  /lo,  /io’  and  I2  can  be  presented 
as  series  which  convergence  provide  a  behavior  of  Bes- 
selian  functions  at  small  values  of  real  argument  and 
descending  of  each  member  of  a  series  with  increase  of 
an  index. 


Limiting  by  consideration  of  10  members  of  a  series, 
PP  of  dielectric  split  antennas  having  length  1.6X;  2.0X; 
2AX  and  diameter  0.922,  and  Er”  2.6  were  calculated  at 
values  of  parameters  1  -3 1  and  d-  1.0  in  77-plane  (<}) 

=  7t/2)  and  /-plane  (ij)  =  0).  PP  calculated  were  com¬ 
pared  to  experimental  data  of  measurement  of  direc¬ 
tional  properties  of  antennas  of  the  same  geometrical 
sizes,  which  one  have  shown  good  conformity  by  cor¬ 
rect  selection  Ez  and  d.  In  a  Fig.  2  PP  of  dielectric  an¬ 
tennas  having  length  2.0X  and  diameter  0.922,  and  = 
2,6  obtained  by  means  of  theoretical  and  experimental 
method  are  shown. 
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L-BAND  ANTENNA  ALTERNATIVES  FOR  THE  EUROPEAN  MOBILE 
SATELLITE  (EMSAT)  NETWORK 


G.  de  Balbine 
IDLlech 

Tarzana,  California  91356,  USA 
idItecli@ix.netcom.com 

The  EMSAT  network  is  a  new  pan  European  mobile 
telephone/fax/data/messaging  sendee  offered  by  Eutel- 
sat  using  the  EMS  payload  on  the  Italsat  F2  GEO  sat¬ 
ellite  at  16.4  E  and  the  equipment  developed  for  the 
Optus  network  in  Australia.  It  is  designed  primarily  for 
professional  applications  such  as  fleet  management 
involving  either  land  transports  or  commercial  fishing 
boats. 

As  part  of  the  acceptance  testing  of  the  EMSAT  serv¬ 
ices,  our  efforts  have  included  selecting  and  testing 
tliose  components  best  suited  for  operation  in  Europe. 
Of  all  components,  mobile  antennas  have  proven  to  be 
the  most  critical.  Because  mobile  antennas  only  offer 
moderate  gains,  the  network  operates  in  a  power  lim¬ 
ited  mode.  The  satellite  L-band  power  has  to  be  ad¬ 
justed  to  compensate  for  each  mobile's  antenna  per¬ 
formance,  using  only  as  much  as  is  necessary  to 
guarantee  a  good  quality  of  service.  This  power  adjust¬ 
ment  is  in  fiict  done  on  a  call  be  call  basis,  using  the 
last  known  location  of  the  mobile  to  also  compensate 
for  edge  of  coverage  roll  off.  The  gains  of  the  mobile 
antennas  therefore  detennine  network  capacity.  To  be 
fair,  either  the  call  charge  should  factor  in  the  specific 
gain  of  each  antenna  or  all  antennas  should  have 
roughly  similar  gains  which  would  then  exclude  a  mix 
of  omnidirectional  and  directional  antennas. 

But  achieving  an  adequate  gain  over  a  large  range  of 
satellite  elevations  is  not  the  only  criterion.  There  are 
many  other  criteria  that  are  important  but  often  dis¬ 
counted: 

-  physical  characteristics  (size  and  weight) 

-  ease  of  installation  in  view  of  masking  at  low  eleva¬ 
tion  angles 

-  manual  vs.  automatic  antenna  adjustment  and  the  risk 
of  erroneous  or  forgotten  adjustments 

-  automatic  antenna  type  reporting  for  satellite  power 
adjustment 

-  coupling  of  position  reporting  with  power  manage¬ 
ment 

-  time  to  acquire  and,  more  importantly,  time  to  reac¬ 
quire  after  an  obstacle, 

-  quality  of  the  tracking  algorithm  particularly  for  2 
and  3  axis  antennas  and  the  risk  of  false  locks. 


-  mechanical  vs.  electronic  ditliering 

-  autonomous  versus  externally  controlled  pointing  and 
the  impact  of  voice  activation  on  antenna  pointing, 

-  resistance  to  severe  environments  particularly  at  sea, 
including  the  choice  of  sealed  vs.  unsealed  antennas, 

-  and  last  but  not  least,  the  cost  of  the  resulting  an¬ 
tenna. 

Using  examples  from  actual  testing,  we  shall  examine 
the  alternatives  which  we  explored  to  arrive  at  a  good 
mix  of  antennas. 
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There  have  been  several  stages  in  development  of  the 
horn  antennae  (HA).  The  initial  period  was  character¬ 
ized  by  employing  straight  HA.  The  antennae  of  Uiis 
type  arc  still  used  nowadays.  They  were  followed  by 
stepped-shape  horns.  Another  type  of  horn  was  that 
with  corrugated  walls.  As  compared  with  similar  flat- 
wall  antennae  these  horns  should  be  preferred  for  being 
able  to  provide  symmetrical  circular  space  patterns  and 
practically  stable  main-lobe  width  even  when  the  oper¬ 
ating  frequency  changes  two-fold.  Also,  their  beam 
patterns  practically  do  not  have  back  or  side  lobes. 
And,  finally,  at  the  next  stage,  the  employment  of  horns 
of  curved  configuration  came  into  practice. 

Consider  the  publications  on  general  theoretical  prob¬ 
lems.  [1]  discusses  the  horn  with  a  rounded  flange, 
which  facilitates  the  analysis  of  the  boundaiy  effects. 
Suggested  in  [2]  is  the  method  of  calculating  the  horn 
beam  pattern  in  plane  E  by  making  use  of  the  Soni- 
merfeld-Pauli  conception  of  diffraction.  The  author  of 
the  work  notes  a  satisfacting  matching  of  the  results  of 
the  analysis  with  experimental  data.  But  the  author’s 
reference  to  thin  and  thick-wall  horn  radiators  is  hardly 
acceptable,  as  the  thickness  of  the  horn  walls  has  no 
effect  on  the  antenna  pattern.  In  this  case  it  is  a  matter 
of  how  wide  is  the  edge  of  the  horn  aperture  flange.  An 
importance  of  the  research  is  narrowed  as  the  author 
discusses  only  the  simplest  class  of  straight  horn  antennae. 


Fig.  1 


It  is  assumed  hereinafter  that  the  shape  generating 
elements  of  various  types  of  horn  antenna  are  described 
in  terms  of  different  mathematical  functions. 


The  horn  antennae  and  the  waveguide  coupling  are  of 
interest  not  only  as  the  most  common  elements  of  mi¬ 
crowave  band  systems.  They  are  used  as  well  to  solve 
some  related  problems  as  regards  the  field  structure  and 
horn  configuration  design.  Therefore  the  conclusions 
and  data  obtained  for  a  certain  device  are  used,  where 
possible,  for  similar  devices.  It  should  be  noted,  how¬ 
ever,  that  the  horn  antennae  and  waveguide  adapters 
are  for  different  purpose  (hence  tolerances,  dimensions, 
etc.),  which  certainly  leads  to  substantial  differences  in 
calculating  specific  equipment. 

In  tliis  scientific  work  a  six-step  horn  antenna  was 
investigated.  Its  inlet  and  outlet  dimensions  are  90x45 
mm  and  368x394  mm  respectively  which,  in  terms  of 
wavelengths,  corresponds  to  0.90?lox0.45Xo  and 
3.68A0  x3.24Ao  where  2.o  ==  100  nim.  Maximum  per¬ 
missible  mismatch  factor  \r\n,  ax  =  0.07.  The  pyramidal 
horn  was  made  of  dielectric  (foam  plastic,  n  =  1.14) 
with  metallized  side  surface.  The  stepped  horn  input 
was  flange-coupled  with  the  feeding  waveguide.  The 
cross-section  of  the  first  step  of  the  horn  was  equal  to 
that  of  tlie  feeding  waveguide,  which  was  excited  by  an 
SHF  oscillator  via  coaxial  cable.  The  cross-sections  and 
lengths  of  the  subsequent  steps  provided  matching  with 
the  proceeding  steps.  A  general  view  of  this  stepped 
horn  is  shown  in  Fig.  1  and  its  design  is  shown  in  Fig. 
2.  Method  of  calculation  from  [3]  was  used.  The  ex¬ 
perimental  investigations  of  stepped  radiator  beam 
patterns  were  carried  out  in  5. 5x7.5  m  room  on  a  test 
bed,  and  the  measurements  was  recorded  by  a  strip- 
chart  recorder.  To  reduce  the  reflections  inside  the 
room,  a  part  of  the  wall  surfaces  was  covered  with 
absorbing  material. 

The  receiving  and  transmitting  antennas  were  placed  at 
a  height  of  2  m  above  the  floor  and  at  a  distance  equal 
to  3.5  m  each  from  the  other.  The  investigated  horn 
antenna  was  operating  as  a  receiver. 

The  source  of  HF  oscillations  was  an  oscillator  with  a 
klystron.  The  oscillator  was  coupled  with  the  feeder  by 
means  of  a  simplified  oscillator  section.  The  klystron 
was  modulated  by  rectangular  pulse  having  relative 
pulse  duration  of  1:2  and  pulse-recurrence  rate 
F=  1000  Hz. 

Via  absorptive  attenuators  and  a  matching  device,  HF 
oscillations  were  supplied  to  the  transmitting  antenna 
and  radiated  in  the  direction  of  the  investigated  an¬ 
tenna.  A  pyramidal  HA  from  the  field  intensity  meter 
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set  was  used  as  transmitting  antenna.  The  high  direc¬ 
tivity  (20  =  20°)  of  the  transmitting  antenna  provided 
almost  complete  elimination  of  the  reflections  from  the 
room  walls.  A  non-uniformit}'  of  tlie  field  amplitude 
along  the  flare  of  the  investigated  HA  totaled  less  than 
2  %  w.r.t.  power,  and  a  non-uniformity  of  the  phase  - 
less  than  15  %  which  ensured  a  sufficient  accuracy  of 
measurements  for  the  considered  problem.  The  trans¬ 
mitting  antenna-feeder  system  was  mounted  on  a  rotary 
stand  which  allowed  to  change  the  polarization  of  ra¬ 
diation  through  90°  to  obtain  beam  patterns  in  electri¬ 
cal  and  magnetic  planes  by  turning  the  whole  system 
about  the  longitudinal  axis. 

The  operating  wavelength  was  measured  with  a  wave 
meter.  The  coaxial  cable  connecting  the  system  with 
the  wave  meter  was  used  also  to  periodically  connect  to 
the  system  power  meter  employed  for  amplitude  cali¬ 
bration  of  the  indicator. 

The  HA  under  investigation  was  rotated  in  the  hori¬ 
zontal  plane  through  a  rotation  gear  arranged  on  the 
bench.  The  antenna  was  coupled  with  the  detachable 
curved  waveguide  section  by  means  of  a  rotary  joint. 
The  dimensions  of  the  section  were  selected  so  that  the 
receiving  and  transmitting  antennae  were  at  the  same 
level  and  the  center  of  the  receivang  antenna  aperture 
(being  close  to  its  conventional  phase  center)  was  lo¬ 
cated  on  the  axis  of  rotation.  To  measure  the  beam 
pattern  in  the  electrical  plane  a  bent  section  was  used, 
with  its  vertical  portion  being  twisted  along  the  axis  at 
an  angle  equal  to  90°. 


Fig.  3  presents  also  tlie  beam  patterns  of  a  Pyramidal 
stepped  hom  (solid  curves)  and  that  for  a  straight  horn 
with  similar  aperture  and  [rl^ax  (dash  curves)  in  a  mag¬ 
netic  plane  for  intermediate  frequencies  of  the  operat¬ 
ing  frequency  range. 


It  follows  from  the  graphs  that  in  the  H-plane  the  py¬ 
ramidal  stepped  hom  has  a  wider  flattop  pattern  than  a 
HA  with  straight  generants.  It  can  be  also  easily  noticed 
that  the  application  of  stepped  structure  allows  to  pre¬ 
serve  observed  interferential  maximum  of  the  side 
lobes,  which  important  for  the  application  of  such 
horns  in  the  antenna  arrays  with  wide  scan  angle. 
However,  having  narrow  scan  sectors,  the  stepped 
horns  are  perfectly  suitable,  the  more  so,  that  die 
stepped  structure  allows  to  reduce  tlie  longitudinal 
dimension  of  the  horn  by  approximately  30%  as  com¬ 
pared  with  the  straight  horns,  for  tlie  same  other  condi¬ 
tions. 

In  the  described  HA  tlie  envelope  of  the  steps  corre¬ 
sponds  to  tlie  Chebysliev  waveguide  transition  which 
results  in  a  wider  operating  range. 

Thus,  the  following  recommendations  can  be  shaped: 

1.  In  the  synthesis  of  stepped  horns  a  rather  effective 
method  for  designing  the  stepped  waveguide  adapters  is 
that  based  on  the  circuit  theory. 

2.  When  designing  the  stepped  horns,  the  presented 
here  graphs  and  experimental  data  would  be  practiccal 
use. 
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Dielectric  prisms  are  widely  utilized  in  the  design  of 
the  millimeter  wave  and  optical  functional  components, 
which  arc  used  in  communication  systems  [1,  2],  Di¬ 
electric  prisms  coupled  to  open  dielectric  waveguides 
can  also  be  used  as  versatile  leaky-wave  antennas  due 
to  their  ability  to  convert  a  waveguide  surface  wave  to  a 
beam  [2],  Among  their  advantages  are  low  weight,  low 
losses,  simple  coupling  technique  and  high  radiation 
efficiency.  For  any  given  prism  configuration  and 
wavelength,  the  radiation  angle  of  a  beam  varies  with 
the  surface  mode  number.  If  a  waveguide  supports 
several  higher-order  modes,  the  output  far-field  radia¬ 
tion  pattern  has  several  well-defined  beams  corre¬ 
sponding  to  these  modes. 

To  study  the  characteristics  of  the  leaky-wave  inte¬ 
grated  prism  antenna,  we  propose  to  use  the  method  of 
analytical  regularization  [3],  based  on  the  inversion  of 
the  frec-space  circular-cylinder  part  of  the  singular 
integral  operators.  Consider  a  problem  of  a  dielectric 
waveguide  surface  wave  radiation  through  the  dielectric 
prism  placed  over  the  waveguide  (Fig.  1).  The  total 
field  can  be  characterized  by  the  single  scalar  function 
17,  which  represents  either  or  component,  de¬ 
pending  on  the  polarization,  and  must  satisfy  the 
Helmholtz  equation,  w'ith  corresponding  eoefficients  in 
each  material,  and  the  boundaiy  conditions.  At  infinity, 
a  modified  radiation  condition  is  to  be  satisfied: 
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Here,  is  the  total  number  of  the  higher-order 

guided  modes  supported  by  the  slab  waveguide  at  the 
given  frequency.  Function  is  the  radiation 

pattern  of  the  prism,  numbers  and  are  the 

mode  conversion  coefficients. 


First,  the  fields  inside  and  outside  the  dielectric  prism 
are  presented  in  the  integral  form  as  surface  potentials 
over  the  prism  contour.  To  do  so,  w'e  should  describe  a 
prism  contour  Lp  by  a  closed  curve  of  the  Lyapunov 
type  L„  i.e.  a  curve  w'ithout  the  edges  or  points  of 


infinite  curvature  k.  To  this  end,  we  characterize  the 
prism  cross-section  by  the  following  function: 
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Functions  (2)  are  further  parameterized  and  expressed 
in  terms  of  the  Fourier  series: 

M.  Nr 
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x(t)= 


,  2. 

The  more  terms  of  the  Fourier  series  taken  into  ac¬ 
count,  the  closer  the  contour  to  the  triangle.  It  should 
be  mentioned  that  the  curvature  of  such  an  approxima¬ 
tion  contour  has  finite  values  at  all  the  points  of  the 
contour. 

Then,  by  using  the  boundaiy  conditions  on  the  prism 
contour,  a  set  of  the  first-kind  integral  equations  is 
obtained,  for  the  unknow'n  densities  cp  and  vg: 

-l-l 


where  G; is  the  E-{H-)  type  Green's  function  of  tlie 
homogeneous  medium  with  pennittivity  e^,  and 
is  the  Green's  function  of  the  halfspace  bounded  by  a 
grounded  dielectric  slab. 

On  extracting  and  analytically  inverting  circular- 
cylinder  parts  of  the  integral  operators,  these  equations 
are  converted  into  the  Fredholm  second-kind  infinite- 
matrix  equations: 
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Here,  <p„,y/„  and  e„,?,  are  the  unknown  Fourier  coef¬ 
ficients  of  the  unknoi™  density  functions  and  the  func¬ 
tions  in  the  right-hand  parts  of  the  integral  equations, 
respectively;  J„,  H„  are  the  Bessel  and  Hankel  func¬ 
tions,  respectively,  and  tlic  prime  is  for  the  derivative 
with  respect  to  the  argument;  the  coefficients  is 
determined  by  die  cylinder  cross-section  shape: 
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To  fill  in  the  matrix,  it  is  necessary  to  calculate  cylin¬ 
drical  functions  and  the  Fourie  double-series  expansion 
coefficients  The  center 

of  gravity  of  die  algorithm  based  on  this  regularized 
matrix  equation  is  shifted  to  numerically  accurate  and 
efficient  computation  of  the  double  Fourier-series  ex¬ 
pansion  coefficients  of  the  regular  parts  of  die  kernels 
of  integral  operators.  To  this  end,  we  use  the  Double 
Fast  Fourier  Transform  with  the  weighting  coefficients 
[4]. 


Matrix  elements  are  the 

Fourier  coefficients  of  the  regular  functions  formed  as 
the  differences  between  the  Green's  function  (or  their 
derivative)  values  at  the  initial  contour  and  at  the  cir¬ 
cular  contour.  Coefficients  5’'“*  and  appear  due 
to  the  presence  of  the  waveguide. 


Fig.1.  Leaky-wave  prism  antenna 

Obtaining  the  Fredholm  second-kind  infinite-matrix 
equations  is  possible  due  to  the  fact  diat,  for  a  circular 
scatterer,  all  the  singular  operators  can  be  diagonalized 
in  tenns  of  the  integer-index  azimuthal  exponents.  By 
using  die  set  of  the  latter  as  ex-pansion  basis,  in  the 
discretization  of  arbitrary-shape  operator  via  Galerkin 
scheme,  we  combine  die  discretization  and  semi¬ 
inversion.  The  resulting  Fredholm  second-kind  matrix 
equation  is  solved  numerically  with  guaranteed  accu¬ 
racy. 


Fig.  2.  Normalized  radiation  patterns  for  a  prism  placed 
over  a  multimode  dielectric  slab, 
E-polarization.  /(Cp=3,  a/c3=1,  Si,=f.s=2-13, 
w/cp=0.0005,  a)  d/Cp=2  (Q^=lj, 
b)  d/cp=6  (Q^=2),  c)  d/cp=10  (Q  -3) 

Based  on  the  proposed  method,  highly  efficient  algo¬ 
rithm  of  modeling  the  leaky-wave  antenna  has  been 
developed.  Radiated  power,  mode  conversion  coeffi¬ 
cients  and  radiation  efficiency  have  been  calculated  as  a 
function  of  the  dimensionless  frequency  parameter,  as 
well  as  several  radiation  patterns  (Fig.  2).  The  results 
have  been  validated  by  checking  the  power  conserva¬ 
tion  law. 
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ABSTRACT 


Matching  of  a  waveguide  radiator  filled  by  dielectric 
and  free  space  has  been  studied  theoretically.  Algo¬ 
rithms  and  programs  for  the  computer  analysis  of  an 
electrical  conductance  and  susceptance  of  a  waveguide 
aperture  have  been  developed.  Reflectivities  of  the 
H,„q  wave  modes  of  a  waveguide  from  the  radiator 

aperture  have  been  analyzed. 

There  is  no  e.vact  radiation  theory  of  a  waveguide  ap¬ 
erture.  It  is  shown  in  [1]  that  an  electromagnetic  model 
[2]  of  a  rectangular  waveguide  aperture  with  an  infinite 
flange  allows  describing  identically  the  radiation  from 
waveguide  radiator  apertures.  In  this  work,  both  elec¬ 
trical  conductance,  susceptance,  and  reflectivities  from 
a  waveguide  aperture  arc  investigated.  The  waveguide 
is  filled  by  a  perfect  dielectric,  which  is  characterized 
by  tl'.e  permittivity  ej ;  the  free  space  has  the  permittiv¬ 
ity  82  .  It  is  assumed  that  the  mode  is  incident  on 
the  aperture  of  the  waveguide. 

In  order  to  obtain  an  integral  equation  for  tlie  electrical 
field  on  the  aperture  of  the  waveguide  radiator,  we  have 
to  satisfy  the  boundary  condition  for  tlie  tangential 
components  of  the  electromagnetic  field.  There  is  no 
need  to  solve  this  integral  equation  because  we  can 
obtain  an  expression  for  the  normalized  conductance  of 
die  waveguide  aperture  by  means  of  variational  methods: 
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I  mn 


abb 


nab-i„,Q 


—  fffdxdydv'sin— 
j  j  J  a 


0  0  0 


X  {G(x,0,  x',y')-  cos  mnG{x,  a,x\  y')} 


where 


k  =  k^AA.-'  ^'o  “ 
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G{x,y,x',y')  =  - 


exp 


-ik^x-x'f  +(y-y'y 


X  is  the  free-space  wavelengtli,  a,b  are  the 
waveguide  width  and  height,  x,.v'  and  y,y'  are  the 
coordinates  along  the  wider  and  the  narrower  walls, 
respectively. 


This  expression  has  been  used  to  calculate  ReT„  and 
ImT„,  for  the  waveguides  with  the  different  ratios  of 
the  sides  a  and  b  and  different  values  of  sj  and  82  . 
The  modes  were  assumed  to  be  incident 

on  the  aperture  of  the  waveguide.  After  calculating  the 
complex  permittivity  of  the  aperture,  we  have  evaluated 
the  reflectivity  E .  In  Fig.  1,  computed  results  for  the 
reflectivity  |r|  of  the  Hiq  mode  are  shown.  The 
waveguide  radiator  has  the  cross-section  a  x  i  =  23  x  10 
mm  (6/fl  =  0.435).  For  a  better  insight,  a  reflectivity 
relief  versus  sj  and  the  ratio  XIX„  is  given.  The 
cutoff  wavelength  has  been  determined  taking  into 
account  due  to  the  dielectric  pennittivity.  As  it  is  seen, 
for  the  standard  cross-section  waveguide  there  is  a 
region  with  a  minimum  value  of  the  reflectivity 
I  r  |<  0,06  .  On  the  top  of  Fig.  1,  there  is  a  cartographic 
projection,  i.e.  the  curves  of  tlie  equal  values  of  the 
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Fig.  2.  Reflectivity  of  //,(,  mode  versus  sj  =  1 ,  62 : 

a)  6/a  =  0.435,l-S2  =0.9;2-e2  =  l.l;3-£2  =1.2;4-B2  ==1.5. 
b)  b ! a  =  \.l-Z2  =0.9;2 -S2  =  2; 3 - £2  =  1-2; 4 -£2  =  1-5; 5- 82  =  3. 


iri 


Fig.  3.  Reflectivity  of //-g  mode  versus  XlX^r-  o/i  =  0.435: 

a)  £2  ~  1>  1  “  =  Ij  2  “  £j  —  1.  Ij  3  ”  £j  —  1.2j 

b)  £^  —  1, 1  *£2  “  2  *'£2  “  1.1^  3  ■'62  “  2. 


reflectivity.  One  can  see  that  there  is  a  region  where 
|r|<0.025  if  £1  k1.29.  As  it  has  been  shown  in  [1], 
the  reflectivity  of  a  ‘low'  waveguide  principal  mode 
{i  /  c7  <  0.4 )  turns  out  to  be  greater  than  0.4  in  a  single¬ 
mode  operation  band.  Thus,  our  investigations  have 
shown  that  the  dielectric  filling  of  such  a  kind  does  not 
improve  the  matching  of  the  waveguide  radiator  with 
free  space  in  the  waveband  XlX^r-  0-3  ^  0.995 . 

Besides,  the  exterior  permittivity  effect  on  the  radiator 
characteristics  has  been  studied.  In  Fig.  2,  the  reflec¬ 
tivities  versus  for  the  different  values  of  £2  are 

depicted.  Curv'es  in  Fig.  2a  correspond  to  the 
alb  =  0.435  waveguide;  dependences  in  Fig.  2b  corre¬ 
spond  to  the  6/(2  =  1  one.  One  can  see  that,  in  com¬ 


parison  to  the  case  £2=1,  the  reflectivity  decreases  in 
the  case  of  a  small  value  of  permittivity  £2  -1.1  =  1.2 
and  a  large  value  of  the  ratio  >  0.9  .  In  addition, 

tliere  is  an  improvement  of  the  radiator  band  features. 
It  is  known  [  1  ]  tliat  tlie  rectangular  waveguide  aperture 
with  the  size  ratio  b! a -  \  has  the  reflectivity  less  than 
0,1  in  the  band  (0.2  =  0.8)A./A.cr  ■  As  it  is  seen  in  Fig. 
2b,  if  the  exierior  dielectric  has  the  permitti^'ity 
e2>1.3,  tire  free  space  matching  deteriorates  but  it 
turns  out  possible  to  improve  the  band  features  (to  the 
point  'kl'k„=Q.9),  although  the  value  of  |r|  in¬ 
creases. 
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Wc  have  also  investigated  the  problems  of  the  f/20  and 
//30  modes  incident  on  the  aperture  of  the  waveguide 
radiators.  The  conductance  and  the  reflectivities  have 
been  calculated.  In  Fig.  3,  the  plots  show  the  results 
calculated  for  the  //30  mode  in  the  6 /a  =  0.435 
waveguide.  The  curv'cs  in  Fig.  3a  correspond  to 
|ri=/(X/XgJ  dependences,  different  permittivities 
Gi  and  the  frec-space  permittivity  ej  =  1 .  One  can  see 
that  tlie  reflectivity  |r|  depends  strongly  on  sj  and 
Ej  .  Such  an  analysis  lias  been  carried  out  for  the  //20 
mode  as  well.  The  reflectivity'  is  less  than  0.1  in  the 
cases  of  the  bla  -0A35,b/a  - 1  waveguides,  when  the 
radiation  from  an  empty'  waveguide  into  the  free  space 
is  studied.  The  Tow'  waveguide  is  characterized  by 
|r|<0.2  in  the  case  of  and 

I  r|~  0.2-5-0.35  in  the  band  0.55^0.98.  Filling 
waveguides  by  dielectric  increases  the  reflectivity. 


Still  besides,  we  have  studied  the  directivity  features  of 
the  waveguide  radiators  as  a  function  of  the  dielectric 
filling. 
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Logpcriodic  antennas  are  widely  used  for  construction 
of  super-wideband  antenna  systems  [1].  A  logperiodic 
antenna  is  a  system  of  discrete  radiators  (dipoles  or 
slots),  whose  every'  subsystem  forms  the  directivity 
diagram  in  its  frequency  band.  The  number  of  overlap¬ 
ping  bands  depends  both  on  the  general  number  of 
radiators  in  the  logperiodic  array  and  on  the  construc¬ 
tive  parameters  of  arrays.  Unfortunately,  existing  meth¬ 
ods  of  estimating  electromagnetic  characteristics  of 
such  antennas  have  a  very  rough  character  due  to 
matlieraatical  complexities  that  can  occur.  In  general, 
their  constniction  is  done  experimentally,  when  one  has 
to  obtain  the  given  characteristics  of  radiation  and 
broad-band  matching  by  a  trial-and-error  method. 

In  the  paper  a  rigorous  method  is  proposed  to  analyze  a 
subsystem  of  the  logperiodic  array  consisting  of  several 
dipoles.  The  method  is  based  on  the  use  of  the  numeri¬ 
cal  analytical  method  that  was  first  offered  to  analyze 
dipole  and  slot  radiators  [2-3].  For  the  analysis  of  di¬ 
rector  antennas,  this  method  was  used  in  paper  [4], 
where  the  rigorous  analysis  of  a  system  of  active  and 
passive  radiators  was  perfonned. 

It  is  also  possible  to  e.xtend  this  method  to  our  case.  The 
numcrical-analylical  method  belongs  to  hybrid  ones  [3] 
and  guarantees  the  least  loss  of  accuracy  in  calcula¬ 
tions.  Here,  the  known  integral  operator  [2]  is  chosen  to 
calculate  a  current  distribution  along  the  dipole.  The 
solution  for  the  current  distribution,  which  allows  ob¬ 
taining  all  the  other  electromagnetic  parameters  of  the 
radiator,  is  found  partially  by  Galerkin  numerical 
method,  and  partially  analytically: 

Ll  =  e, 

where  L  is  the  integral  operator  with  the  logaritlunic 
singular  kernel;  I  is  the  current  distribution  to  be  found, 
e  is  the  known  excitation  fiinction. 

Thus,  it  is  possible  to  obtain  accurate  solutions  of  the 
following  problems: 

-determination  of  the  required  number  of  basis  fiinc- 
tions  in  the  current  expansion  according  to  Galerkin 
method; 

-calculation  of  the  system  characteristics  versus  the 
dipole  length  and  thickness; 

-detennination  of  the  solution  convergence  rate  with 
parameter  changes, 


Similar  problems  for  the  director  dipole  antennas  were 
treated  in  [5],  where  the  high  efficiency  of  the  method 
proposed  was  shown.  It  is  expedient  to  extend  tliis 
solution  to  the  analysis  of  strip  logperiodic  dipole  and 
slot  antennas.  With  this,  dipole  antennas  are  made  on 
the  basis  of  nonsj'mmetrical  lines  and  slot  antennas,  or 
on  the  basis  of  strip  lines.  In  the  SHF  and  EHF  ranges 
these  lines  are  made  by  modem  technology  methods, 
and  they  are  small-sized  constructions,  which  can  be 
successfully  placed  on  any  mobile  engineering  (aircraft, 
automobile,  etc.). 

The  array  elements  are  chosen,  as  a  mle,  with  tire 
length  L  being  close  to  XU  (X  is  the  wavelength).  The 
limitation  of  the  working  range  of  a  dipole  logperiodic 
antenna  at  low  frequencies  is  conditioned  by  the  in¬ 
crease  of  dimensions  (which  is  especially  inadmissible 
in  strip  systems),  and  at  high  frequencies,  by  accuracy 
of  manufacturing  a  constniction  (which  is  veiy  impor¬ 
tant  in  themicrow'ave  ranges).  At  present,  for  strip 
logperiodic  structures  with  the  use  of  modem  technol¬ 
ogy  methods,  overlapping  of  the  working  ranges  of  the 
order  of  20:1  is  attained  [5]. 
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Hom  antennas  are  widely  used  in  different  practical 
applications.  They  serve  as  feed  antennas  in  many  types 
of  more  complex  constructions  of  anlermas.  The  horn 
antennas  are  powerful  means  of  high  energy  technol¬ 
ogy,  they  are  used  as  applicators  in  medical  purposes. 
The  horn  antennas  are  the  most  popular  probing  device 
in  non-destnictive  testing.  The  horn  antennas  are  also 
important  tools  of  standards  of  power  gain.  In  all  appli¬ 
cations  the  information  about  of  space  distribution  of 
electromagnetic  field  is  veiy'  important.  For  instance  in 
medical  and  technological  applications  knowledge  of 
field  distribution  allow  ones  to  control  the  depth  of 
heating  that  is  very  important  for  success  of  operation. 
The  feature  of  these  applications  is  use  of  near-field 
wave.  Information  about  longitudinal  distribution  of 
field  serves  for  increasing  accuracj'  in  non-destructive 
testing  due  to  more  accurate  calibration  at  the  same 
distances  for  structure  under  test  and  metallic  standard 
mirror.  Usually  they  cannot  be  positioned  in  the  same 
place  under  technological  process  and  displacement 
courses  error  in  calibration  and  therefore  errors  in  di¬ 
electric  constant  and  thickness.  Power  gain  can  be 
measured  using  metallic  plate  but  this  approach  is 
simple  only  for  far-field  zone,  for  Fresnel  zone  a  few 
sets  of  measurements  at  a  few  distances  are  need.  This 
circumstance  determines  importance  of  the  field  de¬ 
scription. 

TECHNIQUE  OF  PROCESSING 

Measurements  have  been  carried  out  in  frequency  range 
17  -  25.5  GHz.  Waveguide  with  cross-section  11x5.5 
mm  was  used.  Two  horns  with  length  99  mm  and  ap¬ 
erture  size  46.5x47  mm  (hom  I)  and  with  length  200 
mm  and  aperture  size  82x83  mm  (hom  2)  were  tested. 
Both  of  them  have  reflection  in  throat  in  1.5  -  2  times 
greater  than  in  aperture  plane.  Reflectivity  for  metallic 
plate  situated  20  cm  from  aperture  against  frequency 
are  presented  in  Fig.  1  (hom  1)  Fig.  2  (hom  2).  Corre¬ 
sponding  time-domain  signals  are  displayed  in  Fig.  3, 
4.  Consideration  of  experimental  data  for  metallic  plate 
positioned  in  different  distance  shows  that  measured 
dependence  contains  many  ripples.  The  course  of  this 
phenomenon  is  presence  additional  discontinuities  in  a 
horn. 

Let  us  analyze  amplitude  reflectivity  H(co)  in  presence 
two  reference  reflections  ri  and  r2  with  time  delay  0 
and  t2  from  stmeture  under  test  (SUT)  with  complex 
reflectivity  y?(co).  ThenH(co)  is  given  by 


H(co)  =  ilriexp(+;Wi)  +  r2exp(+ycot2)  +i^((o)f  = 
k{\f\  +|R(co)p-l-/'i  '^(co)exp(-ycot,)  + 

4-  r)/?'((n)exp(/'(oti)  +  r2*R((o)exp(-_/ft)t2)  + 

+r2R*(a))exp(/mf2)  +  nV2exp[/a)(r2-0)I  + 

+  rir2*ex'p[-;co(U-fi)]}-  (1) 

For  hom,  experiments  show  that  the  autocorrelation 
function  rA(0  =  F'{1/?(o))|^}(F’{  }  —  tlie  inverse  Fou¬ 
rier  transform)  is  more  powerful  than  cross-correlation 
functions  r/?'(0  =  F‘{ri’7?(co)exp(-ycori)}  and  =  = 
F’{r2’i?(co)exp(-ycof2)}  if  reflection  of  metal  plate  is 
measured.  For  SUT's  with  reflectivity  0. 2-0.3,  these 
functions  are  comparable.  For  SUT's  with  reflectivity 
approximately  equals  0.05,  cross-correlation  functions 
are  dominated.  Similar  to  open-ended  waveguide  pre¬ 
liminary  processing  in  form  I  -  A  /  (k2  [r-op )  with  \  ro  f 
=  |riexp[/'co(/2-fi)]+ol^  is  impossible  due  to  small  values 
in  |rof .  Autocorrelation  function  of  hom  k\rof  is  sub¬ 
tracted  from  experimental  data  H(co)  which  are  square 
of  modulus  of  sum  of  hom  reflection  (reference  signal) 
and  SUT  reflection. 


o' - ^ - - - 

]7  18  19  20  21  22  23  24  25 

Fig.  1 


Fig.  2 


After  subtraction  k\ro\  from  A  (o))  we  have 

H'((o)  =  A:{lR(m)p+rt'R(c))exp(-ymfi)  +  r,R*(co)exp(/cofi) 

+r2Ri(ii)cxp{-j(i>t2)  +r2/?’(to)exT)(/cof2)}-  (2) 
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Cross-correlation  functions  /■r'(/)  and  rR"(0  are  not 
overlapping  if  tj,  (2  and  |ri-r2|  are  greater  than  time  of 
propagation  in  SUT.  For  SUT  time-domain  signal  ex¬ 
traction,  any  cross-correlation  function  r^{t)  or 
can  be  used.  If  only  cross-correlation  r^{t)  is  used, 
situation  can  be  simplified.  The  conditions  for  time 
intervals  must  be  realized  only  for  reference  disconti¬ 
nuity  /•] ,  the  first  in  the  horn.  Thus  the  length  of  horn 
must  be  longer  than  SUT  electrical  thickness.  For  metal 
plate  this  requirement  can  be  satisfied  very  simply.  The 
latter  requirement  can  be  relaxed  if  impulse  function  of 
SUT  has  tendency  to  decrease.  Effect  of  cross-function 
overlapping  is  negligibly  small  in  this  case. 


Fig.  3 


reflectivity.  As  result  of  tlie  experimental  investigation 
the  amplitude  of  peak  corresponding  to  reflection  from 
metal  surface  versa  distance  between  aperture  and  re¬ 
flector  has  been  obtained.  Fig.  5,  6  shows  result  for 
cross-correlation  peak  and  Fig.  7,  8  shows  data  for 
autocorrelation  peak.  Data  for  horn  1  are  presented  in 
Fig.  5,  7,  data  for  horn  2  are  presented  in  Fig.  6,  8. 
Non-monotonic  behavior  for  horn  2  coursed  by  near- 
field  measurements  and  complicated  summation  of 
reflections  from  cutoff  sections  in  the  horn.  Data  for 
peak  corresponding  to  reflection  from  frontier  surface 
of  single  layer  dielectric  structure  such  as  ST- 16  and 
plexiglass  are  presented  in  Fig.  9  (horn  1)  and  Fig.  10 
(horn  2).  More  monotonic  behavior  is  due  to  less  level 
of  reverberations. 


5  10  15  20  25  30 


Fig.  5 


Fig.  4 


Fig,  6 


Measurements  are  multifrequency  ones.  After  Fourier 
transformation  time-domain  signal  is  obtained.  We  can 
analyze  some  peaks.  The  peak  at  t  =  0  is  proportional  to 
F‘'{^|/?(co)l^}.  After  square  rooting  modulus  of  average 
value  of  A.'|A(co)|  is  obtained.  This  approach  is  appropri¬ 
ate  if  frequency  property'  of  reference  reflection  is  not 
optimal  thus  the  error  of  modulus  reconstructed  from 
cross-correlation  function  is  rather  large.  Another  ap¬ 
propriate  situation  is  one  then  autocorrelation  is  greater 
tlian  any  cross-correlation  functions  but  under  real 
conditions  all  spurious  reflections  form  their  proper 
autocorrelation  functions.  Spectra  of  all  these  functions 
have  identical  support  thus  informative  autocorrelation 
function  is  corrupted.  Trend  due  to  calibration  dis¬ 
placement  course  error  as  well.  Practical  significance  of 
this  approach  lies  in  situation  then  additional  signals 
are  absent  or  rather  small.  Cross-correlation  function 
produces  peak  that  is  proportional  to  average  value  of 


Models  of  circular  and  elliptic  gauss  beams  have  been 
used  for  experimental  data  approximation.  Approxima¬ 
tion  process  consists  of  two  steps.  The  first  step  was 
interpolation  of  experimental  data  by  rational  function 
of  different  orders  according  to  gauss  beam  model,  the 
second  step  was  calculation  of  gauss  beam  parameters 
such  as  waist  position  and  radius  using  correspondence 
of  different  models  of  gauss  beam  and  coefficients  of 
rational  functions.  For  circular  gauss  beam  function  is 

where  b=—pQ^  is  confocal  pa- 

rameter  and  po  is  minimal  radius  of  beam,  z  is  longitu- 
dinal  coordinate.  Thus  Ja^  where  oq,  oi  are  the 

coefficients  of  function  (aq +a'|Z^)”2 .  For  model  of 
circular  gauss  beam  with  waist  displacement  in  form 
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Fig.  7 


Fig.  8 


Fig.  9 


r{z)  =  l/ ^(z  -  Zf,  )^  +  Z)  ^  beam  parameters  can  be 

searched  as  b~ -a^Ja^-a^  jAal  , 

where  Oo,  oi,  arc  coefficients  of  rational  function 

(f7o  +a,z^  +<^2^")  ^  displacement  of  waist 

position  from  the  aperture  plane,  positive  value  corre¬ 
sponds  to  the  displacement  in  direction  to  the  horn 
throat.  For  elliptical  gauss  beam  it  is  true 

/^(z)=  l/.J(z^  +^v)  confocal  parameters 

b;c  and  by  in  planes  vOz  and  vOz.  b^  and  by  can  be  calcu¬ 
lated  using  the  coefficients  of  function 

'o  +fl,z^  *  according  to 


and 


At  last  for  elliptical  gauss  beam  with  non-uniform  of 
waist  displacement  in  planes  xOz  and  yOz 

r(z)  =  l/^((z  -  Zo,.y  +  l(z  -  zoy )'  +  bl)  has  place. 

The  values  of  beam  parameters  can  be  detennined  us¬ 
ing  the  roots  of  polynomial  of  fourth  order. 


The  results  of  approximation  are  presented  in  Fig.  3  -5 
by  dashed  line  for  circular  beam  and  by  dot-and-dash 
line  for  elliptic  beam. 

CONCLUSION 

Coincidence  of  model  and  experimental  data  was  im¬ 
proved  with  growing  of  the  number  approximation 
parameters  of  gauss  beam  from  circular  to  elliptic  witli 
waist  displacement.  For  horn  1  mean  square  values 
were  1.2  %  for  metal  plate,  1  %  for  SM6,  0.8  %  for 
plexiglass.  For  horn  2  these  values  were  6.5  %,  0.8  %, 
0,3  %  correspondingly. 


-4^ 
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DISK-ON-ROD-IN-WAVEGUIDE  RADIATING  ELEMENT  FOR 
DUAL-POLARIZED  BROADBAND  WIDE  SCANNING  ARRAY  ANTENNAS 


R.  F.  Dubrovka 

National  Technical  University  of  Ukraine  "KPl",  Laboratory  of  Antennas  and  Telecommunications, 
21  lOD,  Radio  Engineering  Faculty',  Polytekhnichna  st.,  12,  Kyiv,  252056,  Ukraine 
Tel/Fax:  380-44-2417223  e-mail:  dubrovka@ucl.kiev.ua 


INTRODUCTION 

Dual  polarized  broadband  wide  scanning  arrays  are 
found  to  be  of  great  interest  for  application  in  modem 
and  future  radars  and  satellite  telecommunications 
systems.  Designing  such  arrays  puts  on  the  array  ele¬ 
ment  two  contradictoiy  requirements:  minimization  of 
cross-section  of  the  element  aperture  and  decreasing  its 
cut-off  frequency. 

In  tlie  paper  a  combined  disc-on-rod  in  cylindrical 
waveguide  radiating  element  (“disk-on-rod-in¬ 
waveguide”)  as  a  potential  candidate  for  tlie  arrays  is 
studied. 

OUTLINE  OF  THEORY 

Longitudinal  section  of  tire  disk-on-rod-in-waveguide 
radiating  element  is  shown  in  Fig.  1.  Analysis  of  radia¬ 
tion  characteristics  of  the  array  element  is  based  at  the 
mathematical  model  [1,2]  developed  for  a  generalized 
longitudinally  irregular  axisymmetrical  radiating  ele¬ 
ment  with  taking  into  account  an  influence  of  free- 
space,  that  is,  a  reflection  of  waveguide  modes  at  the 
aperture. 
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Fig.  1 


At  first,  the  initial  geometiy  of  the  radiating  element  is 
divided  into  sections  of  regular  coa.xial  waveguides. 
Using  mode-matching  technique  the  generalized  scat¬ 
tering  matrix  of  the  element  is  found.  Knowing  the 
general  scattering  matrix  of  the  element  and  a  ampli¬ 
tude  of  exciting  mode  at  the  throat  of  the  element  it  is 
possible  to  find  field  distribution  at  tlie  element  aper¬ 
ture  in  temis  of  coaxial  waveguide  modes.  After  tliat 
amplitudes  of  modes  excited  by  electromagnetic  waves 
reflected  from  tlie  free  space  are  found  using  moment 
method.  Summing  amplitudes  of  the  incident  and  re¬ 
flected  modes,  more  accurate  field  distributions  at  the 
radiating  element  aperture  and  at  its  throat  are  deter¬ 
mined.  Hence,  it  is  possible  to  find  an  accurate  VSWR 


value  and  a  radiation  pattern  of  the  radiating  element. 
The  radiation  pattern  is  detennined  as  a  Fourier  trans¬ 
formation  of  the  tangential  electrical  components  of  the 
coaxial  waveguides  modes  at  the  element  aperture. 

THEORETICAL 

AND  EXPERIMENTAL  RESULTS 

Measurements  of  radiation  characteristics  (including 
crosspolarization)  of  the  disk-on-rod-in-waveguide 
element  were  performed  in  tlie  unechoic  chamber. 
Comparision  of  theoretical  and  experimental  results 
confirmed  that  the  mathematical  model  [1,2]  describes 
this  radiating  element  with  a  fairly  good  accuracy. 

Radiation  pattern  of  the  radiating  element  looks  like 
Huygens  element  one.  The  main  crosspolar  radiation 
maxima  arc  in  planes  inclined  at  angle  45°  to  the  car¬ 
dinal  E-  and  ET-planes.  There  are  two  possible  ways  to 
create  tlie  broadband  antenna  array  element  with  low 
crosspolar  radiation  level: 

Decreasing  of  overall  crosspolarization  lobes  of  the 
radiation  pattern  due  to  an  optimal  profile  of  the  corru¬ 
gated  conductor. 

Forcing  the  crosspolar  radiation  peaks  out  an  operating 
angle  sector. 
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The  main  complexity  in  the  array  element  s>’nthesis  is 
necessity  to  meet  the  contrary  requirements  to  a  broad 
frequency  bandwidth  and  a  wide  scanning  angle  of  the 
array. 

To  cover  octave  frcquenc>'  bandwidtli  a  compact  radi¬ 
ating  element  (aperture  diameter  is  equal  0.4A./,,  where 
is  the  lowest  operating  frequency)  was  s\mthesized. 
Peak  values  of  crosspolar  radiation  level  in  the  scan¬ 
ning  sector  and  beamwidth  values  versus  normalized 
wavelength  arc  presented  in  Fig.  2.  It  can  be  seen  that 
the  radiating  element  half-power  beamwidth  is  not  less 
than  60°  in  a  frequency  range  40  %.  This  is  a  crucial 
point  to  meet  the  requirements  to  wide-angle  scanning. 
In  order  to  cover  initial  settings  to  the  scanning  sector 
crosspolar  radiation  maxima  were  forced  out  the  angle 
sector  ±45°. 

Experimental  verification  of  radiation  characteristics  of 
the  synthesized  radiating  element  was  carried  out.  The 
radiating  element  excitation  in  tlie  frequenc>’  range 
5.0...  10.0  GHz  was  realized  by  a  symmetrical  anti¬ 
phase  exciter,  VSWR  <1.3  has  been  achived. 

Typical  measured  radiation  patterns  of  the  synthesized 
radiating  clement  are  presented  in  Fig.  3.  Here  the  bold 
line  represents  radiation  pattern  in  E-plane,  the  tliin 
line  ■ —  in  //-plane  and  dush-dot  line  —  crosspolar 
radiation  pattern  in  the  intercardinal  plane.  Radiation 
characteristics  of  the  clement  in  the  operating  fre¬ 
quency  range  arc  given  in  Fig.  4. 


Solid  line  in  the  Fig.  4b  represents  calculated  peak 
values  of  crosspolarization  in  the  scanning  sector 
(±45°)  in  the  frequency  range.  Dush  line  in  the  figure 
represents  peak  values  of  crosspolarization  calculated 
by  using  the  periodical  structure  theory  [3].  Vertical 
bars  represent  measured  data.  Comparing  the  results  in 
Fig.  4  one  can  conclude  that  the  moment  method  solu¬ 
tion  [I]  is  much  more  accurate  than  that  of  the  periodi¬ 
cal  structure  theoiy'  [3]. 
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Fig.  4a  demonstrates  half-power  beamwidth  frequency 
response:  solid  line  represents  theoretical  data,  crosses 
represent  experimental  ones. 
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Fig,  4 

Theoretical  and  measured  values  of -3  dB  and  -10  dB 
beamwidths  for  E-  and  //-plane  are  shown  in  Fig.  5. 
Measured  data  in  E-plane  and  //-plane  are  marked  by 
crosses  and  inclined  crosses  respectively.  Theoretical 
results  are  shown  by  solid  line  (E-plane)  and  dushed 
line  (//-plane).  One  can  see  tliat  the  calculated  beam- 
width  values  agreed  fairly  well  with  experimentally 
determined  values. 
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Fig,  5 


on-rod-in-waveguide  elements  one  can  design  finite 
polarizationally  invariant  broadband  wide  angle  scan¬ 
ning  antenna  arrays. 
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CONCLUSIONS 

Disk-on-rod-in-waveguide  radiating  element  is  defi¬ 
nitely  a  good  choice  for  broadband  polarizationally 
invariant  antenna  array  applications  due  to  a  small 
cross-section  and  octave  frequency  bandwidth  capabil¬ 
ity.  It  has  been  established  that  the  developed  technique 
allows  one  to  predict  radiation  characteristics  of  such 
elements  reasonably  well,  whereas  periodical  structure 
approach  gives  poor  results  in  prediction  of  crosspolar 
radiation  pattern.  By  using  the  developed  theory  and  a 
theory  of  the  finite  antenna  array  composed  of  the  disk- 
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DIRECTIVITY  CHARACTERISTICS  AND  RADIATION  IMPEDANCE 
OF  A  CIRCULAR  FRAME  PLACED  AROUND  A  CYLINDER 
OF  PERFECT  CONDUCTIVITY 


G.  A.  Evstropov,  A.  I.  Klimenko 

Research  Institute  of  Long-  Distance  Radio  Communication 
11/12,  1  Buhvostova  St,  Moscow  107258,  Russia 
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Circular,  rhombic,  square  and  rectangular  loop  anten¬ 
nas  are  widely  used  in  practice,  especially  as  receiving 
TV  antennas  [1-3],  The  radiation  impedance  of  a  cir¬ 
cular  loop  antenna  is  equal  to  132  D,  whereas  the  im¬ 
pedance  of  a  square  antenna  is  122  Q.  This  matches 
quite  well  a  75-Q  cable  and  allows  one  to  use  a  double 
loop  (z-antennas  for  TV  program  reception).  When 
using  square  loop  antennas  with  sides  a  and  b,  it  is 
possible  to  change  the  radiation  impedance  and,  as  a 
consequence,  the  input  impedance  in  the  wide  range 
from  30  Q.  to  300  D.  When  the  height  of  tlie  loop  is 
small  (small  values  of  b\  the  antenna  becomes  a  folded 
dipole  antenna.  The  polarization  of  the  loop  antenna 
radiation  in  the  principal  planes  coincides  with  the 
direction  of  the  electrical  field  at  the  input  terminals. 

Lately,  as  the  number  of  TV  broadcast  stations  has  been 
growing  rapidly,  loop  antennas  have  become  used  as 
TV  transmitting  antennas.  The  most  widely  used  ones 
are  horizontally  polarized  loop  antennas  with  the  loop 
in  the  vertical  plane.  In  order  to  obtain  a  sufficiently 
uniform  azimuth  radiation  pattern  (RP),  two  perpen¬ 
dicular  loops  are  usually  used  with  a  quadratic  drive. 

It  is  useful  to  note  that  double  loops  are  not  the  most 
optimal  ones  from  the  point  of  view  of  construction. 

For  instance,  the  vertical  step  of  circular  loops  turns  out 
to  be  r  =  %.!%  (L  is  the  wave  length)  whereas  for  the  best 
gain  KND,  the  optimal  step  is  /  =  2.3  'kin.  The  gain  of 
one  double  loop  is  D  =  4.6  dB,  the  gain  of  an  optimal 
step  loop  is  D  =  7.3  dB  and  the  gain  of  a  single  loop  is 
3.3  dB.  As  a  uniform  azimuth  RP  is  formed,  the  gain  is 
reduced  by  3  dB. 

A  horizontally  polarized  transmitting  antenna  with  an 
ideal  azimuth  uniformity  can  be  built  using  a  horizontal 
circular  loop.  For  a  single  loop,  the  RP  in  the  horizon¬ 
tal  plane  is  fl  =  (cp)  =  cosep.  For  two  parallel  loops  ro¬ 
tated  around  the  common  vertical  axis  by  the  angle  of 
71  /2  and  driven  quadratically,  we  get  jt(p)  =  exp  (/cp), 
i.e.  1At)1=  P 

It  is  convenient  to  place  a  horizontal  circular  loop 
around  a  metal  tube  which  can  possibly  have  a  different 
primary  purpose.  In  order  to  fix  the  loop  in  place  one 
can  use  a  metal  stick  attached  by  one  end  to  the  loop  at 
Uie  zero  potential  point  and  by  the  other  end  —  to  the 
tube.  The  driving  cable  can  be  directed  through  the 


stick  to  the  opening  in  the  loop.  The  centers  of  the 
opening  and  the  metal  stick  must  be  placed  along  one 
diameter  of  the  ring. 

In  order  to  calculate  directional  characteristics  we  will 
assume  that  the  circumference  of  the  loop  is  equal  to 
the  wavelength,  and  the  field  distribution  in  the  ring  is 
given  by 

7  = /o  cos  (/:  7-1 T),  (1) 

where  k  =  Inik  is  the  wave  number,  and  vp  is  tlie  an¬ 
gular  coordinate  of  the  element  of  the  ring.  We  assume 
here  tliat  in  the  Cartesian  coordinate  system,  the  ring  is 
situated  in  the  x-z  plane,  and  the  axis  of  the  infinite 
cylinder  (the  tube)  coincides  with  the  y-axis.  The  azi¬ 
muth  angles  v|/  and  cp  are  measured  witli  respect  to  the 
x-axis.  The  angle  0  is  measured  with  respect  to  the 
plane  of  the  ring.  If  the  ring  is  placed  in  a  free  space, 
then  w'e  can  use  well  known  techniques  [4]  to  obtain 
the  following  expressions  for  the  field  components  in 
the  far  field 

exp(-;7:R) 

=  30Ti7o(Jo(^fi  cos9)  -  cos0))coscp - 

(2) 

Eq  ^3 Ott/q  {Jq  (/ct)  cos  0)  +  J2  cos  0))  X 

.  -  .  exp{-ikR) 

X  sinOsmcp - ^ - 

The  radiation  impedance  is  obtained  by  means  of  inte¬ 
grating  the  squared  absolute  values  of  the  above  expres¬ 
sions  with  7o  =  1  over  a  share  of  radius  R,  and  then 
adding  the  two  results.  Now  we  turn  to  the  problem 
with  a  cylinder.  There,  one  must  consider  tlie  problem 
of  finding  the  excitation  of  the  special  domain  bounded 
by  a  cylinder  of  perfect  conductivity,  by  a  coaxial  ring 
of  electric  current.  We  assume  here  that  the  side  of  the 
current  ring  is  infinitely  thin,  i.e.  it  can  be  represented 
by  a  8-function,  and  the  coordinate  y  is  a  constant  and 
equal  to  2  5.  To  solve  the  problem,  we  split  the  space 
into  two  cylindrical  domains:  one  between  the  con¬ 
ducting  cylinder  and  the  ring  (domain  /)  and  the  other  - 
outside  the  ring  (domain  e).  Since  the  size  of  this  pub¬ 
lication  is  limited  and  some  of  the  expressions  are  quite 
cumbersome,  we  will  only  outline  the  most  important 
steps  of  the  calculation  and  present  the  results.  We 
represent  the  solution  in  each  of  the  domains  as  a  su- 
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perposition  of  E~  and  H-  waves  along  the  y-axis  by 
analogy  with  tlie  coaxial  representation  of  a  field.  Then 
the  longitudinal  components  of  the  fields  in  domains  i 
and  e  are  expressed  as 


H'y  ={A'e)x^{J^{xr)-\-B\LYi[xr))s,m(^e 


H'y  =  04'ia.)x^(Jl(x/')  +  Bp7j(x/'))cos(pe 
Hl={A^e)x^(H?\xr)s\n(^e~'^y 


}  (3) 


for  each  value  of  p.  Here  J\,  H  cylindrical  func¬ 
tions 

x'  =  A:^(l-p')  (4) 

The  constants  B  are  determined  from  tlie  boundary 
conditions  on  the  cylinder  {r  =  ro): 

Ey  (To)  =  E^  (;'o)  =  0 

The  constants  A  are  obtained  from  tlie  continuity  of  Ey, 
£<p,  for  r  =  rx  and  from  the  fact  that  the  difference 
between  and  for  r  =  rj  is  equal  to  the  ex¬ 
ternal  current  density  (1).  In  order  to  satisfy  the  latter 
boundary  condition,  we  represent  the  circular  current 
along  the  y-axis  analjlically  in  tenns  of  the  Fourier 
transform 


/w=  I 


f  sinfcpS 
271  A:p5 


■'^'c«:p 


(5) 


where  sin  ((A:p5)/A’P5)  is  the  Fourier  transform  of  tlie 
external  current  along  the  y-axis.  Then  the  boundary 
condition  for  Hy  becomes 


f/®  (rl) (rl)  =  e-*P5 

•^271  fcpS 


(6) 


After  detennining  the  coefficients  A,  the  field  in  the  e- 
domain  can  be  obtained  by  integrating  the  expressions 
for  E^  and  (see  (3))  in  beta.  The  far  field  can  be 
calculated  from  this  integral  by  tlie  method  of  station¬ 
ary  phase.  As  a  result,  we  get 


.30^  sin^5£n^(^^  cos  6  -  cos  9)  - 


pSsine 

J  Q  (krQ  cos  6)  -  J2  (krQ  cos  9) 

No  (Atq  cos  0)  -  ^^2  cos  0) 

coscpexp(/A/?)/f? 


(Nq  (Aq  COS0  - N2  (Aq  COS0) 

(7) 


„  /  siti(A5sin0) , ,  ,,  „  ,  , 

^  4  ASsinO  <^-^o(^ftcos0+./2(^tyCOS0)  + 

+  COS  0  +  A/2  (^1  cos  0))  X 


Nx  (Aq,cos0) 

sin  0  sin  cp  exp(-/A/? )  IR 


(8) 


As  5->0  and  r-o  0,  the  expressions  obtained  here 
coincide  with  the  results  for  the  fields  radiated  by  a 
thread  and  a  circle  in  a  free  space  (2)  if  we  take  into 
account  that  Eq  =  Zq  AAp.  The  resistance  impedance  and 
the  gain  are  obtained  from  these  formulae  in  a  way 
similar  to  the  case  of  a  ring  in  a  free  space. 

Our  calculations  show  that  tlie  radius  of  the  cylinder 
strongly  influences  the  radiation  level  of  component  E^ 
in  the  plane  of  the  ring,  compared  to  the  axial  radia¬ 
tion.  It  also  affects  the  radiation  impedance  (R2)  and 
the  gain.  The  corresponding  results  are  given  in  the 
Table. 


Kto 

RS 

Fep  (0) 

KND 

Fcp(0)*KND 

(times) 

(n) 

(times) 

(dB) 

(dB) 

0.0001 

132 

0.65 

3.5 

-0.3 

0.001 

132 

0.65 

3.5 

-0.3 

0.2 

118 

0.62 

3.8 

1 

P 

4^ 

0.3 

101 

0.58 

4.2 

-0.5 

0.4 

81 

0.52 

4.8 

-0.8 

0.5 

59 

0.44 

5.7 

-1.3 

0.6 

39 

0.35 

6.8 

-2.1 

0.7 

22 

0.26 

8.2 

-3.6 

The  radiation  impedance  of  75  Q  is  obtained  for  Aro  = 
0.43.  The  impedance  of  50  O  corresponds  to  Arc  = 
0.545.  The  diagram  of  Fep  (0)  is  normalized  so  that  it  is 
equal  to  1  for  0  =  nil.  The  values  of  F9(0)  for  Aro  = 
0.001  coincide  with  the  values  of  the  RP  in  a  free  space 
up  to  three  decimal  digits.  The  values  of  tlie  RP  for  Aro 
=  0.001  and  Aro  =  0.2  are  given  in  the  Fig.  In  this  an¬ 
tenna,  the  horizontal  polarization  is  the  operating  one. 
However,  as  it  follows  from  the  pictures,  it  has  a  great 
significance  as  the  observation  point  gets  close  to  tlie 
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cylinder  axis.  The  maximum  of  the  operating  polariza¬ 
tion  is  also  in  the  direction  9  =  nil.  For  an  antenna  it  is 
usually  required  that  the  maximum  lies  in  the  direction 
6  =  0.  Both  the  axial  and  the  spurious  radiation  can  be 
reduced  to  a  small  value  if  rings  are  composed  into  a 
lattice.  For  instance,  a  two  level  lattice  of  rings  in  a  free 
space  leads  to  the  gain  of  2.7  dB  (with  respect  to  the 
isotropic  radiation)  for  a  uniform  azimuth  RP  and  the 
optimal  step  ofkt  -  4. 

A  four  level  lattice  gives  6.8  dB  with  the  optima!  step 
of  kt=  5. 


REFERENCES 

1.  Karl  Rothammel.  Antennas.  M:  "Boyanich", 
Sanct-Peterburg,  1 998,  650  s. 

2.  K.  Kharchenko. YKV  antennas.  M.:.DOSAAF. 
Moscow,  1969,  110  s. 

3.  I.  N.  Sidorow.  Televizionnis  antennas.  Lenizdat, 
Sanct-Peterburg,  1996. 

4.  Spravochnic  po  antennoi  tekhnice.  Tom  1.  M/: 
"Padiotekhnica",  Moscow,  1997,  249s. 


Proceedings  of  the  3rd  International  Conference  on  Antenna  Theory  and  Techniques,  Sevastopil,  Ukraine,  8—11  Sept.  1999 


321 
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ABSTRACT 

The  effects  of  dielectric  substrate  and  impedance  loads 
of  vibrators  on  the  dimensions  of  log-periodic  antennas 
are  investigated.  The  equations  for  impedance  matrix  of 
feeder,  input  impedance  and  gain  of  Uie  log-periodic 
antennas  are  presented.  Numerical  results  for  the  log- 
periodic  and  Uda-Yagi  antennas  are  included.  Effect  of 
impedance  loads  on  the  parameters  of  log-periodic 
antennas  is  e.xamined. 

INTRODUCTION 

The  reduction  of  antenna  dimensions  is  a  large  problem 
because  the  antennas  determine  weight-dimensions 
parameters  of  a  device  as  a  whole.  The  antennas  with 
gain  (8  -  12)  dB  and  good  matching  in  frequencj'  band 
(10  -  30)  %  or  arrays  formed  of  such  elements  are 
necessary  for  VHF  communications  (service  communi¬ 
cation,  cellular  communication,  the  mobile  telephones, 
etc.).  The  antennas  used  in  this  frequency  range  must 
have  smaller  dimensions  with  the  same  gain,  therefore, 
the  actual  problem  is  a  development  of  methods  to 
reduce  antennas  dimensions. 

Antennas  of  a  travelling  wave  have  the  largest  gain. 
There  are  three  types  of  dipole  antennas  of  a  travelling 
wave  -  a  wave  channel  antenna  (Uda-Yagi)  (AWC),  a 
log-periodic  dipole  antemia  (LPDA)  and  antenna  of  a 
travelling  wave  (ATW).  At  the  moment  AWC  has  the 
greatest  application,  however  LPDA  has  advantages  on 
electrical  perfonnances  and  dimensions.  The  LPDA 
also  has  design  shortages. 

The  design  shortages  of  LPDA  are  eliminated  with  a 
replacement  of  a  twin  feed  line  by  its  printed  analog. 
The  second  variant  is  a  completely  printed  antenna  for 
eliminating  design  shortages,  but  in  this  case  wind 
resistance  will  increase. 

The  principal  requirements  to  a  dielectric  substrate 
used  in  LPDA  are  high  mechanical  strength  and  small 
wave  losses.  The  dielectric  on  a  basis  of  glass-fibre 
materials  is  widespread,  but  it  has  large  losses  and 
unstable  relative  pennittivity  g  ^ .  For  dielectric  on  a 
basis  of  glass-fibre  material  CTOT-2-35  damping  fac¬ 
tor  ~  3.9  dB/m  on  frequency  900  MHz,  pennittivit}' 
e ~  4.8  are  experimentally  detennined. 

The  LPDA  has  basic  advantage:  practical  lack  of  re¬ 
strictions  on  frequency  band  and  lack  of  the  elements  of 


set-up.  The  second  advantage  is  smaller  dimensions  on 
a  comparison  with  AWC  of  an  identical  gain  [5]. 

THEORY 

The  parameters  of  LPDA  (Fig.  1)  are  determined  by  an 
equation  [1],  and  corrected  during  calculation.  The 
purpose  of  calculation  is  determination  of  current  dis¬ 
tribution  along  vibrators  of  the  LPDA.  The  current 
distribution  determines  the  radiation  pattern  (RP), 
input  impedance  (Zin)  and  gain  of  LPDA. 

LPDA  and  AWC  are  analyzed  [2]  by  solving  Hallen's 
integral  equations  systems  in  view  of  wave  losses  in  a 
dielectric. 


Fig.  1.  Geometry  of  LPDA 


The  w'ave  losses  in  a  dielectric  are  taken  into  account  in 
the  parameters  of  the  feeder.  A  matrix  of  the  loss-free 
feeder  [Z'*’]  it  is  easier  to  determine  as  [Z'^]  =  [E*’]  '  .  A 
conductivity  matrix  [Y'^]  is  given  as  [1]: 

7,‘i;=--L{ctg[*(/,_/2)]  +  ctg^}; 

’  fr  2 

Yt  =  -^{ctg[k(/„_i -l„)]  +  ctg[k(l„  -/„+i)]},  (1) 
n  =  2,3,...A'-l; 

y4>  —Y^  = _ - _ _ ■ 

n+\,N  tFsin[*(/„-/„+l)]’ 

«  =  1,2,...,W-1; 

where  l„  -  distance  from  geometric  top  of  an  antenna 
to  the  «-th  vibrator. 

The  required  w'ave  resistance  of  the  feeder  W  is  deter¬ 
mined  from  [1]  and  then  it  is  updated. 

The  strip  width  of  the  feeder  h,  thickness  of  a  dielectric 
substrate  d,  relative  pennittivity  and  strip  tlnckness 
A  [3,4]  is  given  as 
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where  e^f  -  efifective  permittivity. 
Factor  k  is  given  as  [4]  k  =  p  -  ia , 


2n^ 


I  +  (te6pf )  - 1  » 


where  tg5,f  =tg5  1+  jl  +  5^ -1/ c.L  1  +  5^ +1 


The  conductivity  matrix  of  the  feeder  with  wave  losses 
is  given  as; 


y4i  _ _ _ .  y4>  __i _ I: _ ! _ 

l^z(/i-/2)  ^(hylT) 


Yt  -r— 


«  =  2,3,..,A^-1;(4) 


“n/sinl[(a+/p)(/„  -/^i)J’”  ^ 

in  which  z(I)  is  input  resistance  of  short  circuit  of  a 
feeder  with  losses  [5]; 

sinl(2o(/)+(a/p)siT(2pf)-;'[(a/p)sinl(2a/)-sir(2p,')] 

^  cosl(2o(/)+co^2p/) 

The  input  impedance  expressed  through  parameters  of 
the  feeder  is  given  as: 

^in  -  =  '^-N,N  ~  m  (0)-  (6) 

m=\  g=l 

Antenna  gain  (D(0,q)) )  is  given  as: 


D(0,cp)  = 


|/(a<p)f 

30Re(Zi„)(/^,(0))^ 


Antennas  with  narrow  frequency  band  have  been  ana¬ 
lyzed.  These  antennas  have  no  vibrators  longer  then 
0.6 A..  For  RP,  Z;,,  and  gain  calculations  we  have  used 
one  single  basis  function  of  current  distributions. 


NUMERICAL  RESULTS 

We  compared  LPDA  and  AWC  which  have  an  identi¬ 
cal  gain  (D  ~  10  dB)  in  frequency  band,  determined  by 
a  level  VSWR  <  1.5  in  a  range  900  MHz. 


AWC  with  a  band  of  operational  frequencies  (VSWR 
<  1.5,  Fmiddie  =  900  MHz)  856  -  932  MHz  consists  of  7 
vibrators  and  has  length  of  588  mm.  The  input  resis¬ 
tance  of  antennas  is  50  Ohm. 

LPDA  consists  of  9  vibrators  (x  =  0.9661;  a  =  0.12) 
and  has  300  mm  length. 

The  current  distribution  along  antennas  are  presented 
in  Fig.  2  (in  all  figures  the  curves  for  LPDA  are  above, 
for  AWC  -  below). 

In  Fig.  3  a  shaped  line  correspond  to  the  LPDA  without 
wave  losses,  continuous  -  with  wave  losses. 

The  wave  losses  in  a  dielectric  reduce  gain  of  LPDA  on 
~  1  dB  (Fig.  3). 

Calculations  showed  that  LPDA  is  almost  twice  shorter 
then  AWC  at  an  approximately  identical  gain.  LPDA 
has  more  unifonn  current  distribution  (Fig.  2)  that 
increases  the  contribution  of  each  vibrator  to  RP  pat¬ 
tern. 

The  second  reason  of  a  reduction  of  dimensions  of 
LPDA  is  a  small  level  of  side  lobes  (Fig.  4),  that  allows 
to  obtain  larger  gain  at  an  identical  RP  width. 

Calculations  showed  that  for  diminution  of  length  of  an 
antenna  it  is  necessary  to  provide  uniform  current  dis¬ 
tribution  along  an  antenna.  LPDA  ensures  the  best 
current  distribution  today. 

Length  of  vibrators  influences  on  sizes  of  an  antenna. 

The  longest  vibrator  in  LPDA  is  shorter  then  X^2. 
Calculation  of  current  distributions  taking  into  account 
three  modes  gives  the  greater  shortening. 


1 

0.8 

0.4 

0 

-  0.4 

-  0.8 
-1 


Fig.  2.  Relative  long  and  currents  distribution  of 
researched  antennas  (solid  line  — distribution  of 
amplitude,  shaped  -  current  phase  distribution) 
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850  860  870  880  890  900  910  920  930  940 
F[wrm 

Fig.  3.  A  gain  dependence  on  frequency  (£)(0,(p) ) 

With  growth  of  x  ,  a ,  g  ^  shortening  is  increasing 
and  making  (8-15)  %,  and  for  the  printed  antennas  - 
up  to  30  %  from  Therefore,  a  transversal  size 

of  LPDA  is  less  than  appropriate  size  of  AWC.  Physics 
of  this  effect  is  transparent:  more  short  vibrators  are 
closer  to  a  point  of  a  feed  and  radiate  a  basic  part  of  an 
energy  and  the  energy  does  not  reach  resonance  vibra¬ 
tors. 

For  LPDA  vibrators  length  reduction  methods,  useds  in 
LW,  MW  and  SW  antennas,  that  is  various  form  ca¬ 
pacity  loads  on  the  ends  of  vibrators  such  as  short  in¬ 
ductance,  etc.,  can  be  used. 


14D  120  90  60  40 


140  120  90  60  40 

140  120  90  60  40 


140  120  go  BO  40 


Fig.  4.  The  researched  antennas  radiation  patterns 

The  capacity  loads  are  most  convenient  tot  ensure  more 
uniform  current  distribution  along  a  vibrator. 


The  limits  of  an  integration  to  evaluate  the  influence  of 
not-radiating  capacity  loads  have  been  cosen  taking 
into  account  the  .shortening,  and  the  own  input  reactiv¬ 
ity  of  short  vibrators  was  equated  to  an  own  full  reac¬ 
tivity.  RP  of  a  short  vibrator  was  calculated  strictly. 
Simultaneously  experimental  models  of  printed  anten¬ 
nas  with  T-figurative  loads  w'ere  experimentally  inves¬ 
tigated. 

Vibrators  shortening  changes  a  gain  of  LPDA  differ¬ 
ently  in  an  association  with  t  and  cv .  At  t  <0.8  short¬ 
ening  leads  to  a  contraction  of  active  zone  tliat  worsens 
a  gain,  but  reduces  length  of  an  antenna.  The  increase 
in  X  compensates  a  contraction  of  active  zone  and 
allows  to  obtain  at  initial  length  a  former  gain. 

At  increase  inx  up  to  ~  0.9  the  active  zone  of  LPDA 
vary  weakly  with  shortening  but  gain  a  little  bit  de¬ 
crease  at  tlie  expense  of  a  vacillation  of  a  phase  velocity 
along  an  antenna.  At  further  increase  in  x  the  active 
area  with  shortening  extends  a  little  but  at  the  expense 
of  a  vacillation  of  a  phase  velocity  gain  a  little  bit  de¬ 
creases.  At  small  a  shortening  of  vibrators  does  not 
almost  influence  on  gain.  The  experimental  outcomes 
are  a  little  bit  better  than  calculated,  gain  decrease  is 
not  more  than  on  0.5  dB. 

The  shortening  reached  30-40  %.  In  printed  antennas 
shortening  reached  2  times  and  more. 

The  research  outcomes  showed  that  LPDA  with  a  mi¬ 
crostrip  feed  line  and  short  vibrators  is  probably  the 
most  small-sized  antenna  even  when  using  of  dielectric 
with  w’ave  losses. 
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Kharkov  State  University, 
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The  mathematical  model  of  radiation  from  open-ended 
circular  waveguide,  operating  on  dominant-mode  wave 
has  been  developed.  The  simple  approximation 
fonnulas  allowing  to  calculate  the  power  pattern  for 
dominant-mode  range  on  the  whole  observation-space, 
and  also  for  one-mode  range,  as  well  as  for  multimode 
waveguide  up  to  the  level  -12  dB  have  been  obtained  in 
E~  and  H-  plane.  It  has  been  shown  that  the  approxi¬ 
mation  relative  error  for  the  first  case  does  not  exceed 
3  %  in  the  main  lobe  of  radiation  pattern  and  for  the 
second  case  it  does  not  exceed  4  %. 

FORMULATION  OF  THE  PROBLEM 

The  w'avcguide  radiators  operating  on  the  wave  of 
dominant-mode  //u  are  widely  used  in  the  modem 
Microwa\'e  engineering  as  the  elements  of  antenna 
arrays  and  as  the  feeds  of  narrow-beam  reflector  and 
lens  antennas.  The  calculation  accuracy  of  the  pow'er, 
phase  and  polarization  reflector  antenna  characteristics 
is  evaluated  to  a  marked  degree  by  calculation  accuracy 
of  the  feed  characteristics.  The  rigorous  solution  to  the 
radiation  problem  from  open-ended  circular  waveguide 
calculated  by  method  from  [I]  is  well  correlated  w'ith 
experimental  data.  In  addition,  these  characteristics 
clearly  interpret  the  physical  processes  of  diffraction  on 
the  open-ended  waveguide,  namely;  the  reflection  of 
dominant-mode  wave  excited  in  waveguide  and  the 
appearances  of  the  higher-order  waves  transfonned 
from  the  base  wave  H\\  in  some  frequency  bands,  in 
particular,  the  transformation  Hu  wave  into  E\n  and 
Hu,  that  allow'S  to  investigate  the  effect  of  higher-order 
waves  on  radiation  characteristics.  It  should  be  note, 
that  Vainshtain  method  seems  to  be  the  only  possibility 
to  extend  the  range  of  the  radiation  theoretical  investi¬ 
gation.  The  well-known  aperture  techniques  [2]  not 
only  forbid  to  obtain  the  radiation  characteristics  for 
multimode  waveguide  but  also  give  the  results  different 
from  those  of  the  experimental  ones. 

But,  in  spite  of  all  the  obvious  advantages  of  the  rigor¬ 
ous  theory,  it  is  verj'  difficult  to  use  it  in  practice.  It 
connected  w'ith  cumbersome  and  complicated  calcula¬ 
tion  formulas.  The  problem  can  be  solved,  if  the  com¬ 
putations  carried  out  are  approximated  by  simple  func¬ 
tions  with  some  beforehand  assumed  accuracy. 


APPROXIMATE  MODEL 

In  narrow'-beam  reflector  antennas  the  radiation  power 
on  the  edge  of  reflector  usually  has  a  level  of  about 
-10  dB  from  the  maximum  directed  power.  This  level 
is  low'er  than  the  mentioned  above  one  in  antenna  sys¬ 
tems  with  more  strict  requirement  to  the  side  and  back 
levels.  It's  about  -12  dB.  Therefore,  it  is  appropriate  to 
obtain  the  simple  approximate  formulas  for  calculation 
of  the  power  pattern  at  the  radiation  range  of  the  main 
lobe  up  to  the  level  -12  dB  concerning  tlie  radiation 
maximum  in  E-  and  H-  plane  in  a  wide  frequency 
range.  Thus,  in  present  paper  the  approximation  func¬ 
tions  of  tw'o  variables,  w'here  the  first  one  is  connected 
with  directivity  of  the  radiator  (0  angle)  and  the  second 
one  is  connected  with  tire  waveguide  diameter  (x  = 
InalX  is  tlie  undimensional  w'ave  number,  a  is  the 
w'aveguide  radius  and  1  is  the  wavelength)  have  been 
derived. 

The  approximation  fonnulas  for  pattern  normalized  to 
the  radiation  power  at  the  major  radiation  maximum 
have  been  determined  in  this  case  as  follows: 

Pefe,  x)  =  exp  {-£■]  (x)  Z  [l+^zfx)  Z]},  (1) 

P/Xe,  x)  =  exp  {-Hx  (x)  Z{\+H2  (x)  Z]}, 

where  Z  =  sin^(6/2). 

£,  =  -0.364  x’'^+ 2.364  x +0.412  x\ 
£2=0.415  x'^^- 0.963  x  + 0.211  x?,  for  x  <  3,832; 

£,  =  -9.8  x‘'^  +  7.3  x  +  0.43  x^ 

£2= -0.84  x’'^-0.38  x+0.24  x^  3.832  <x  <  7.016; 

£,  =  0.909  x^ +2.938, 

£2=0.189  X--2.7,  7.016 <x<  10.173; 

£,  =  0.9215  x^ +2.294  1, 

£2=  0.185  x^ -2.417,  0.173  <x  <  13.324; 

£,  =  0.934  x^ +0.1645, 

£2=0.178  x^-1.132,  13.324<x<  16.471; 

£,  =  0.951  x" -4.2073, 

£2=0.175  x^- 0.4039,  16.471  <x<  18. 

Hx  =  0.41(x  +1.86)^ 
£2=0.1(x-3.34)^2<x<5.33; 

Hx  =  0.56(x  +  0.86)^ 

£2=0.76  X -  3.85,  5,33  <x<  8.536; 

Hx  =  0.645(x  +  0.27)^ 

£2=  X  (0.06  X  -  0.18),  8.536  <x  <  11.706; 

Hx  =  0.586(x  +  0.89)^ 

£2=  0.18(x  -  8.64)^  +4.16,  11.706  <x  <  14.864; 
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H,  =  17.94(x  -  6.76), 

7^2=  0.31(x-  11.47)^+7.55,  14.864  <x<  18.016. 

From  comparison  of  the  results  obtained  by  means  of 
the  appro.ximation  fonnulas  and  that  found  from  the 
rigorous  theoty  some  conclusions  have  been  made.  The 
calculation  relative  error  of  the  power  characteristics 
computed  by  approximate  formulas  (1)  up  to  the  level  - 
12  dB  does  not  exceed  3  %.  It  is  true  for  one-mode 
range  where  1.9  <  x  <  3.832  except  the  case  x  =  1.9 
(the  beginning  of  the  operating  frequency'  range),  where 
relative  error  reaches  4.5  %.  At  the  rest  range  of  the  x 
values  up  to  the  18  inclusive  the  error  does  not  exceed 
3  %. 

Approximate  fonnulas  for  angels  0e=  0e(x),  0h=  0h(x) 
detennining  the  application  limits  of  approximation  (1) 
as  for  the  variable  9  have  been  obtained.  These  fonnu¬ 
las  are  important  for  practical  application  of  the  for¬ 
mulas  (1). 

In  the  ii-plane:  (2) 

eE=33.1/(  X  -  1.55) +46.7, 

2.0  <  X  <  2.6,  78°  <  0E  <  120°; 

eE  =  213.6/  x-5.05, 

2.6  <x<3.83 , 52°  <eE<78°; 

Be  =  280.1/  x  +  2.19  x  -  35.5, 

3.832 <x  <7.016,  25°<0e<51°; 

Oe  =  178.5/  x  +  0.045  x  -  1.32, 

7.016  <x  <  13.324,  13°  <9e<  25°; 
eE=  190/  x  +  0.07  x-2.53, 

13.324  <x<  18.0,  9°<0e<13°. 

In  the  H-plane; 

Oh  =  79.85/  x  -  5.45  x  +  55.7, 

2<x<  5.33,  42°<0h<87°; 

Oh  =  263.3/  x  + 0.805  x-  12.1, 

5.331  <x  <  8.536,  26°  <0h<  42°; 

Oh  =  236.6/  x  +  0.13  x-3.15, 

8.536  <x<  18,  12°<0h<26°. 

The  maximum  relative  error  of  fonnula  (2)  given  above 
does  not  exceed  1.3  %. 

Since  the  fonnulas  (1,  2)  approximate  the  normalized 
pattern,  the  approximation  formulas  for  relation  the 
power  in  the  main  maximum  to  the  power,  which  ex¬ 
cites  the  wave  radiator  have  been  derived. 

P^JPa  =  0.3838  X  -  0.4058  for  x  <  3.832; 

PmJPA==0M76  x^+0.133for3.832  <x<  18.  (3) 

The  error  of  approximation  (3)  does  not  exceed  1  %. 

For  the  case  of  one-mode  w'aveguide  performance, 
widely  used  in  practice,  the  approximation  formulas 
have  been  obtained  not  only  to  the  level  -12  dB,  but 
also  at  tlie  whole  observation  space  in  E-  and  //-planes. 


Pe(Q,  x)  =  [Z^2{x)cos(/'  -  1)0]',/  =  1 . .  .7,  (4) 

PniQ,  X)  =  [ZBXx)cos(/'  -  1)0]^ 

where 

for  pattern  in  F'-plane: 

£,  =  0.7238/  X- 0.04065  x  + 0.1997, 

£2=  X  (0.51878 -0.05806  xf, 

£3  =  -0.369/  x  + 0.345, 

£4  =-0.09436 +  0.05446  x, 

£5  =  0.1375/  x  + 0.03341  X- 0.11317, 
£6=0.05584/  x  + 0.01784  x- 0.07396, 

£,  =  0.005; 

for  pattern  in  //-plane: 

//,  =  0.58735/  X  -0.01245  x  + 0.14037, 

/£=  X  (0.5426 -0.0612  x)^ 

7/3=  0.28918  -0.30353/  x  +  0.3525/  x^ 

7/4= -0.14104/  x  + 0.03962  x- 0.02466, 

//5=  (0.2593  +0.0825  x)V  x, 

//6=  0.2025/  x  + 0.033  x- 0.17653, 

//,=  ((- 0.99157 +  0.60226  x)/  x')'. 

These  formulas  are  very  useful  when  using  the 
waveguide  radiator  as  weakly  directive  antenna. 

CONCLUSION 

The  mathematical  model  of  radiation  from  the  open- 
ended  circular  waveguide  excited  by  //,,  dominant¬ 
mode  wave  have  been  developed  in  a  wide  frequency 
bandwidth,  where  1.81  <  x  <  18.  For  the  case  of  one¬ 
mode  range  1.81  <  x  <  3.832  the  calculation  was  car¬ 
ried  out  for  all  observation  angles.  The  relative  error  of 
approximation  for  such  a  case  does  not  exceed  3  %,  but 
for  the  whole  frequency  range  1.81  <  x  <  18  up  to  the 
level  -12  dB  tliis  error  does  not  exceed  4  %. 
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The  main  advantages  of  horn  radiators  (HA)  are  flat 
gain  over  the  frequency  range,  simplicity  of  constme- 
tion  and  reliability  in  service.  From  these  qualities  the 
high  passband  response  is  the  most  important  one  for 
being  extremely  essential  factor  for  raising  the  infor¬ 
mation  carrj'ing  capacity  of  radio  lines  in  different 
applications.  The  antenna  passband  response  is  deter¬ 
mined  quantitatively  by  the  range  of  frequencies  within 
which  the  antenna  parameters  are  within  certain  limits. 
Sometimes  the  antenna  passband  response  is  deter¬ 
mined  by  the  mismatch  factor  which  represents  the 
reflected  wave  to  incident  wave  amplitude  ratio.  The 
mismatch  factor  specifies  the  antenna  passband  re¬ 
sponse  by  the  antenna  input  impedance.  It  is  assumed 
also  that  the  antenna  directivity  (shape  and  width  of  the 
main  lobe,  level  of  the  side  lobes)  for  a  wide  frequency 
range  varies  within  the  acceptable  limits,  However,  it 
is,  as  a  rule,  rather  difficult  to  formulate  a  criterion  for 
passband  response  on  the  beam  pattern  characteristics. 
In  each  particular  case  one  should  proceed  from  the 
application  of  a  corresponding  radio  technical  equipment. 

Unfortunately,  an  accurate  theoiy,  even  for  simplest 
types  of  FIAc,  has  not  yet  been  developed,  which  com¬ 
plicates  the  investigation  of  the  antennae  and  the  de¬ 
termination  of  their  electrical  parameters  such  as  mis¬ 
match  factors  and  beam  patterns. 

In  absence  of  an  rigorous  theoiy,  approximate  tech¬ 
niques  have  to  be  used  in  the  HA  analysis  and  design. 

As  it  htis  been  already  mentioned,  a  great  role  in 
studying  the  horn  antennae  belongs  to  experiments. 
From  the  number  of  papers  on  this  point  [1,  4]  which 
deal  with  the  HA  passband  response  investigation. 

Paper  [I]  considers  a  special  case  of  uniform  HA  with  a 
pentagonal  aperture  not  similar  to  the  horn  tliroat.  Such 
complication  of  the  design  should,  to  the  author's 
opinion,  improve  the  antenna  pattern  over  a  wide  fre¬ 
quency  band.  The  characteristics  of  measured  in  the 
antenna  ntar-field  radiation  seem  to  corroborate  the 
author's  suppositions.  However,  the  far-zone  antenna 
pattern  turns  out  to  be  worse  than  that  of  conventional 
horn  antennae. 

Considered  in  12]  are  exponential  and  parabolic  horns. 
The  presented  review  of  horn  antennae  resembles  a 
listing  of  arbitrarily  selected  types  of  horns  without  any 
relation  to  the  problems  for  which  tliese  antennae  are 
solved.  Some  of  the  considered  types  do  not  have  any 
advantages  as  compared  with  simpler  types  of  the 


horns.  As  the  envelopes  are  restricted  only  to  parabolic 
and  exponential  shape,  optimal  conditions  with  respect 
to  mismatch  factor  and  other  technical  parameters  can 
hardly  be  provided. 

Paper  [3]  is  certainly  correct  in  assessing  the  advan¬ 
tages  of  curved  shapes.  A  construction  is  suggested 
consisting  of  two  conducting  curved  plates  which  do 
not  form  a  complete  horn.  However,  the  qualitative 
estimation  of  the  mismatch  factor,  pattern  and  other 
technical  parameters  of  the  radiator  is  not  given. 

Described  in  [4]  are  experimental  teclmiques  to  solve 
the  problem  of  synthesizing  the  horn  sj'stem.  Thereby, 
the  horn  shaping  element  is  not  varied  or  optimized, 
and  the  required  effect  is  reached  by  changing  the  po¬ 
sition  of  some  waveguide  sections  in  the  throat  of  the 
horn  system.  The  antenna  has  a  narrow  field  of  appli¬ 
cation.  As  no  expression  for  the  internal  structure  of  the 
field  or  horn  characteristics  and  parameters  are  pre¬ 
sented,  the  advantages  of  tlie  suggested  system  cannot 
be  duly  evaluated. 

Here  one  suggests  consideration  of  stepped  horns,  bear 
in  mind  that  tlie  horn  with  steps  number  tending  to 
infinity'  is  transformed  into  a  curve  horn. 

A  six-step  horn  antenna  was  investigated,  with  inlet 
and  outlet  dimensions  being  equal  to  90x45  mm  and 
368x394  nun  respectively  which,  in  terms  of  wave¬ 
lengths,  corresponds  to  0.902.ox0.45?to  and  3.68X,ox3.24 
ko  where  Xo  =  100  mm.  Maximum  permissible  mis¬ 
match  factor  =  0.07.  The  pyramidal  horn  was 
made  of  dielectric  (foam  plastic,  n  =  1,14)  with  metal¬ 
lized  side  surface.  The  stepped  horn  input  was  flange- 
coupled  with  the  feeding  waveguide.  The  cross-section 
of  the  first  step  of  the  horn  was  equal  to  tliat  of  the 
feeding  waveguide,  excited  by  microwave  oscillator  via 
coaxial  cable.  The  cross-sections  and  lengths  of  the 
subsequent  steps  provided  matching  with  the  proceed¬ 
ing  steps. 

In  Fig.  1  with  solid  line  the  measured  VSWR  within 
the  frequency  band  operating  is  shown.  For  a  medium 
frequency  To  =  3000  MHz,  the  VSWRdiei  =  1.3.  Taking 
into  consideration  the  VSWR  dependence  on  the  di¬ 
electric  refractive  index,  the  VSWR  can  be  found  for 
the  same  HA  filled  with  air: 


VSWR 


VSWRdiei  _  1-3 


1.14 


In  this  case  the  reflectiv'ily  is 
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r^VSWR-l^U4M^0 
VSWR  +  1  1,14  +  1 

which  does  not  exceed  the  rated  value  of  |r|n,ax  =  0.07. 
As  it  should  have  been  expected,  for  operating  frequen¬ 
cies  f  <  fo  the  mismatch  factor  increases  appreciably, 
remaining  within  the  permissible  limits.  The  explana¬ 
tion  of  this  fact  is  that  for  lower  frequencies  the  HA 
length  turns  out  to  be  insufficient,  and  the  optimality 
condition  is  thus  violated. 

For  comparison,  shown  with  dash  line  Fig.  1  is  the 
VSWR  for  a  similar  horn  antenna  with  straight  gener¬ 
ating  line. 

SWR 


Fig.  1 


It  can  be  also  easily  noticed  that  the  application  of 
stepped  structure  permits  to  preserve  the  VSWR  in  a 
wider  frequency  band  (see  Fig.  1). 

In  the  described  HA  the  envelope  of  the  steps  corre¬ 
sponds  to  the  Chebyshev  waveguide  transition  which 
results  in  a  wider  operating  range. 

Calculations  have  been  performed  also  for  other  types 
of  stepped  horns  as  well  for  different  numbers  of  steps 
and  different  values  of  maximum  permissible  mismatch 
factor.  Plotted  on  the  basis  of  these  calculations  are 
graphs  of  l(n)  against  |r|n,ax  =  0.02  (Fig.  2),  /(T)  against 
n  =  20  (Fig.  3),  and  r(n)  (Fig.  4).  In  Figs.  2-4  the 
curves  1  correspond  to  //-sectoral  stepped  horn,  curves 
2  -  to  ^-sectoral  horn,  and  curves  3  -  to  the  pyramidal 
horn  with  dissimilar  inlet  and  outlet  cross-sections. 

The  main  results  of  the  performed  investigations  can  be 
summarized  as  follows.  Within  a  given  operating  wave 
band  and  constant  mismatch  factor  and  the  inlet  and 
outlet  dimensions,  the  increase  of  the  number  of  steps 
"n"  results  in  increasing  Uie  horn  length  to  a  certain 
limiting  value  li,^,  as  it  can  be  seen  from  Fig.  2.  Start¬ 
ing  from  «  =  6  for  //-sectoral  SH,  n  =  l-&  for  pyramidal 
horn  and  «  =  9  for  E-sectoral  stepped  horn  the  longitu¬ 
dinal  dimension  of  tlie  horn  antenna  which  ensures 
required  mismatch  factor  for  the  given  frequency  band 
remains  practically  unchanged.  The  limitation  of  the 
number  of  steps  facilitates  a  fabrication  of  the  SH.  The 
exception  is  a  SH  with  dissimilar  cross-sections  at  input 
and  output,  whose  l(n)  function  is  monotonically  in¬ 


creasing  being  however  very  slightly  different  from  the 
linear  one. 


Displayed  in  Fig.  3  is  the  required  length  of  the  horn  at 
a  certain  mismatch  factor.  It  follows,  in  particular,  from 
the  figure  that  for  T  >  0.05  the  required  length  of  an 
optimal  stepped  horn  of  any  type  does  not  practieally 
change. 

The  graphs  in  Fig.  4  allows  to  assess  how  many  steps 
should  have  one  or  an  other  type  of  SH  to  provide  the 
given  maximum  permissible  value  of  the  mismatch 
factor.  It  follows  from  this  figure  that  at  a  certain  mis¬ 
match  factor  the  ma.ximum  number  of  steps  would 
belong  to  pyramidal  stepped  horns  with  dissimilar  inlet 
and  outlet  cross-sections. 

Figs.  2-4  illustrate  tliat  for  similar  other  conditions  the 
^-sectoral  horn  will  be  the  longest  one. 
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Abstract.  The  phased  array  composed  from  microstrip  radiators  is  considered.  This  array  can  be  applied  as  radiation 
focusing  spiraphase  system.  The  lack  of  traditional  phase  shifters  ensures  good  cost,  technological  and  constructive 
characteristics  of  spiraphase  arrays  in  a  microwave  range.  Antenna  construction  and  mathematical  model  are  consid¬ 
ered.  This  device  pennits  to  realize  a  focussing  of  antenna  feed  field  by  a  microstrip  antenna  array.  The  microstrip 
element  shape  is  arbitrary.  The  struchire  contains  controlled  elements  (ciystal  diodes).  These  array  electrodynamic 
characteristics  are  controlled  by  diodes.  The  mathematical  model  is  obtained  by  integral  equation  method.  Microstrip 
radiators  current  distribution  and  radiating  properties  are  investigated.  The  numerical  results  can  be  used  to  develop 
antennas  with  optimum  parameters. 


INTRODUCTION 


THEORY 


The  microstrip  antennas  attract  attention  of  the  devel¬ 
opers  due  to  their  numerous  advantages.  However  any 
single  printed  antenna  has  a  low  directivity.  Microstrip 
arrays  have  not  this  defect.  Such  arrays  experimental 
researches  and  measuring  of  their  parameters  are  com¬ 
plex  and  expensive  procedures.  This  circumstance 
causes  significant  interest  to  creation  of  mathematical 
models  of  arrays.  The  purpose  of  the  present  work  is 
the  development  of  a  mathematical  model  by  an  an¬ 
tenna  array.  This  antenna  consists  of  microstrip  rera¬ 
diators.  They  have  arbitraiy  shape.  The  placements  of 
printed  reradiators  are  determined  by  a  rectangular  grid 
nodes.  Such  choice  has  allowed  us  to  eliminate  grating 
lobes  in  the  antenna  array  pattern.  Our  mathematical 
model  allows  to  investigate  such  microstrip  reradiators, 
which  contain  the  controllable  elements.  These  ele¬ 
ments  are  applied  to  expand  an  antenna  array  scanning 
angles  sector.  Each  controllable  element  is  simulated  by 
the  conducting  probe  with  an  impedance  load.  An  im¬ 
pedance  distribution  on  the  probe  is  necessary  given. 
Proposed  mathematical  model  is  based  on  the  periodi¬ 
cal  structures  conception  and  integral  equation  system 
solution.  The  vector  integral  equations  are  formulated 
by  Lorentz  lemma.  The  application  of  periodicity  con¬ 
dition  has  allowed  to  reduce  the  solution  area  to  one 
Floquet  channel.  The  magnetic  current  density  distri¬ 
bution  on  the  array  aperture  and  the  electrical  currents 
in  controllable  elements  are  detennined  from  integral 
equation  system  based  on  the  boundary  conditions.  The 
moment  method  is  used  for  integral  equation  numerical 
solution.  The  subsectional  rooftop  ftmetion  set  is  used 
for  magnetic  current  approximation.  By  solving  an 
integral  equation,  we  define  the  magnetic  and  electrical 
currents  distributions.  Now  we  can  determine  a  radia¬ 
tion  fields  of  printed  reradiator  and  other  important 
parameters  of  considered  antenna  array.  Microstrip 
reradiators  current  distribution  and  radiating  properties 
are  investigated.  The  numerical  results  can  be  used  to 
develop  antennas  with  optimum  parameters. 


We  shall  consider  radiation  focusing  spiraphase  system 
[1]  (Fig.  1).  This  antenna  consists  of  microstrip  rera¬ 
diators.  The  numerical  analysis  demonstrates  a  novel 
means  of  achieving  cophasal  far-field  radiation  for  a 
circularly  polarized  microstrip  with  elements  having 
variable  rotation  angles.  To  explain  tlie  concept  of  this 
array  we  shall  refer  to  following  principle  [2].  It  is 
knouTi  that  if  a  circularly  polarized  antenna  element  is 
rotated  from  its  original  position  by  q/  rad,  the  phase 
of  tlie  element  will  be  either  advanced  or  delayed  (de¬ 
pending  on  the  rotation  direction)  by  tlie  same  V|t  rad. 
Hence,  tlie  technique  of  rotating  circularly  polarized 
elements  to  achieve  the  required  phases  for  a  conven¬ 
tional  array  to  scan  its  beam  has  been  previously  dem¬ 
onstrated  [3].  Thus  we  can  achieve  a  wavefront  trans¬ 
formation.  It  means,  that  this  structure  has  focusing 
properties. 


MATHEMATICAL  MODEL 

The  mathematical  model  foundation  for  the  microstrip 
structures  is  made  in  accordance  with  tlie  concept  of 
infinite  periodic  arrays.  Such  approach  is  reasonable 
because  of  consideration  the  multielement  arrays  with 
rather  complicated  element  structure.  An  alternative 
way  of  modelling  may  be  based  on  the  basis  of  so  called 
"element  by  element  method"  with  taking  into  account 
mutual  coupling  between  array  elements.  This  way  may 
become  much  more  difficult  because  of  necessity  to 
solve  large  sized  system  of  integral  equations. 
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FORMULATION 

The  boundary  problem  is  formulated  as  follows.  Flat 
periodic  element  arrangement  array  consists  of  ideal 
conducting,  infinitely  thin  microstrip  elements  of  arbi- 
traty  shape,  located  in  the  unit  cell  of  rectangular  grid 
(Fig.  2).  Let's  consider  the  Cartesian  coordinate  system 
with  the  origin  placed  on  the  microstrip  elements  ar¬ 
rangement  plane,  and  z-axis  directs  perpendicularly 
this  plane.  Unit  cells  dimensions  along  axes  X  and  y 
of  Cartesian  coordinate  systems  are  equal  accordingly 
and  r/2  .  The  angle  between  the  vector  of  Carte¬ 
sian  coordinate  systems  and  vector  Icq  is  equal  to  © , 
and  the  angle  between  vector  and  projection  of  vec¬ 
tor  ko  on  plane  w  -  cpo .  It  is  necessai>'  to  determine 
the  current  distribution  on  the  radiators  of  array  and 
scattering  characteristic  of  the  array. 


Apart  from  square  microstrip  radiators  1  with  two 
transmission  phased-delay  lines  2,  the  array  unit  cell 
contains  conducting  shunts  with  impedance  loads  3. 
These  shunts  are  located  between  ground  plane  4  and 
plane  z  =  0 .  They  serv'e  as  a  models  of  tlie  controllable 
elements  (cry'stal  diodes).  These  array  electrodynamic 
characteristics  are  controlled  by  diodes.  For  reaching  a 
digital  control  all  microstrip  elements  are  divided  into 
groups  (modules).  Each  module  can  be  as  a  minimum 
in  two  electrodynamic  conditions.  The  condition  of 
module  is  defined  by  condition  of  diodes  (in  open  or 
closed  stay).  The  array  control  is  carried  out  by  the 
microcomputer.  The  digital  array  probable  conditions 
number  is  proportional  to  module  number  and  number 
of  each  module  allowable  condition.  Tliis  digital  array 
has  a  set  of  radar-tracking  images.  The  control  of  these 
images  allows  creating  "intellectual"  covers.  These 
radiocovcrs  capable  to  adapt  for  radar-tracking  circum¬ 


stances.  Several  possible  wa.YS  of  tlie  microstrip  ele¬ 
ments  excitation  are  considered  including  a  plane  wave 
excitation  or  periodic  system  of  coaxial  waveguides 
feeding.  We  consider  the  first  case.  In  this  case  plane 
electromagnetic  wave  incidents  on  the  array  from  the 
direction,  which  determined  by  wave  vector  it  =  -^0  ■  It 
is  necessary  to  determine  the  current  distribution  on  the 
reradiators  of  array  and  scattering  characteristics. 

Proposed  mathematical  model  is  based  on  the  periodi¬ 
cal  structures  conception  and  integral  equation  system 
solution.  The  vector  integral  equations  are  formulated 
by  Lorentz  lemma.  The  application  of  periodicity  con¬ 
dition  has  allowed  to  reduce  the  solution  area  to  one 
Floquet  channel.  The  column  matrix  of  magnetic  cur¬ 
rent  density  components  on  the  array  aperture 

(g)  (  and  the  electrical  currents  in  controllable 
elements  Ij  (z')  are  determined  from  integral  equation 
system  based  on  the  boundary  conditions  [4]: 
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where  i  =  1,2,  ze[-h,  o],  h  -  thickness  of  the 
array  substrate,  a  -  shunts  radius;  -  aperture  sur¬ 
face.  The  kernel  of  an  integral  equation  is  a  square 

matrix.  This  row  matrix  blocks  (p/q)  ^  express 

interaction  between  unknown  electrical  and  magnetic 
currents.  Right  parts  of  the  equations  system  are  the 
excitation  fields  [4],  The  first  equation  represents  the 
condition  of  fields  tangential  components  continuity  on 
the  array  aperture.  The  remaining  equations  are  Pok- 
lington’s  equations  on  tlie  controllable  elements.  The 
controllable  elements  are  simulated  by  conducting 
shunts  with  impedance  loads.  Its  distribution  along 
each  shunt  is  known.  The  moment  method  is  used  for 
integral  equation  numerical  solution.  The  subsectional 
rooftop  function  set  is  used  for  current  approximation 
[4].  The  model  does  not  impose  restrictions  on  the 
microstrip  element  shape  or  substrate  parameters.  The 
crystal  diodes  are  simulated  by  the  loads  with  control¬ 
lable  surface  impedance  providing  the  digital  control  of 
microstrip  array  parameters.  Every  load  is  connected 
with  tlie  microstrip  element's  patch.  Such  loads  can 
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execute  a  role  either  of  phase  shifters,  or  of  switcliing 
elements.  The  substrate  can  be  a  cr>'stalline  semicon¬ 
ductor.  In  this  case  the  diodes  will  be  an  integrated 
parts  of  a  substrate.  This  electromagnetic  structure  is  of 
a  solid-state  construction.  There  are  proposed  some 
ways  of  such  microstrip  array  application. 


NUMERICAL  RESULTS 
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This  report  section  presents  some  numerical  results, 
which  shown  the  application  of  described  model  to 
computing  of  microstrip  reflectarray  element  radiating 
and  scattering  parameters.  The  radiating  pattern  of  a 
considered  spiraphase  microstrip  array  is  shown  in  Fig. 
3.  The  topolog>'  of  an  array  unit  cell  is  located  in  the 
left  insertion.  The  phased-delay  distribution  along  re¬ 
flectarray  is  located  in  the  right  insertion.  Thus  this 
array  is  phased  correcting  reflector.  The  reflector  has 
sizes;  2ax2a,  where  a  =  3,55X .  The  focal  length  to 
diameter  ratio  F/D  equals  0,46,  where  D  =  2a.  The 
calculated  radiating  pattern  of  this  antenna  has  shown 
by  solid  line.  In  this  case  it  has  used  the  "element  by 
element"  technique.  If  the  influence  between  array 
elements  is  neglected,  then  radiating  pattern  of  this 
antenna  has  view,  which  is  shown  by  dashed  line  in  the 
Fig.  3. 
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Loop  antennas  are  widely  used  in  antenna  teclmology 
due  to  their  simple  construction.  Recently,  to  overcome 
their  main  disadvantage,  a  narrow  frequency  band, 
modifications  of  such  antennas  have  been  developed.  In 
particular,  loop  antenna  with  reactive  loads  based  on  a 
loop  oscillator  (LO)  are  known.  There  are  concentrated 
capacitances  that  are  connected  into  the  circuit  between 
passive  arms  and  also  between  each  active  and  passive 
arms  in  loop  antennas.  The  principle  of  functioning  of 
the  loop  oscillator  with  concentrated  loads  can  be  ex¬ 
plained  when  considering  an  antenna  input  impedance 
with  the  inphase  and  antiphase  excitation  method  [2]. 

Due  to  inphase  currents  in  active  and  passive  arms  of 
LO  a  radiative  electromagnetic  wave  is  created.  Con¬ 
formal  component  of  input  impedance  Z,  has  active  and 
reactive  parts  which  can  be  defined  as  components  of 
the  input  impedance  that  are  equvalent  to  the  ones  of 
"thick"  oscillator  with  conductor  radius  re  defined  by 
the  cross-section  of  conductors  and  distance  betw'een 
anus  S.  In  particular,  tlicre  is  the  expression  for  LO  for 
the  round  conductor  with  radius  R: 

Tlie  formula  obtained  for  the  case  of  tlie  round  and 
band  conductors  perimeters  equality,  can  be  used  for 
LO  band  type  conductor  measured  by  thickness  t  and 
width  B  under  condition  of  t «  B,  is  as  follows; 

=  -JitBS . 

Antiphase  currents  create  a  non-radiative  field  near 
LO.  The  conformal  component  of  input  impedance  Zop 
is  only  reactive.  Being  an  impedance  of  shorted  twin 
feeder  with  wave  impedance  ps  this  component  for  the 
oscillator  with  arm  length  /  equals; 

2op  =  JPs  tan(W) . 

The  total  input  impedance  of  unloaded  loop  oscillator  is 
a  result  of  parallel  connection  of  the  transformed  im¬ 
pedance  of  equivalent  oscillator  and  input  impedance 
for  antiphase  regime  excitation.  Transformation  coeffi¬ 
cient  N  is  defined  by  arms  geometric  parameters  of  LO 
and  it  equals  two  for  identical  arms. 

There  is  a  single  concentrated  capacitance  included 
between  passive  arms  in  LOCL  [2],  the  other  one  is 
connected  between  active  and  passive  arms,  moved  off 
driving  points  for  a  defined  distance.  The  first  capaci¬ 


tance  changes  the  correlation  between  inphase  and 
antiphase  currents,  the  second  one  —  a  value  of  Zop  as 
shunt  loading  of  shorted  feeder.  It  is  evident  tliat  these 
two  degrees  of  freedom  enable  a  reactance  of  antenna 
input  impedance  to  be  compensated  at  least  at  a  single 
frequency  point,  as  to  select  a  mean  value  of  input  im¬ 
pedance  active  component. 

As  a  development  of  the  proposed  idea  it  is  offered  to 
use  distributed  reactive  load  in  the  form  of  a  part  of  tlie 
open-circuited  at  the  end  twin  feeder  instead  of  the 
second  concentrated  capacitance.  One  conductor  of  this 
feeder  is  tlie  active  arm  of  LO  and  another  one  is  lo¬ 
cated  between  active  and  passive  arms  of  LO.  Besides, 
one  of  its  ends  is  connected  with  passive  arm  near  the 
first  concentrated  capacitance  and  the  other  one  is  open 
—  circuited.  The  scheme  of  the  described  loop  oscilla¬ 
tor  with  a  distributed  reactive  load  (LODRL)  is  de¬ 
picted  in  Fig.  1 ; 


1 


Fig.  1.  The  LODRL  scheme 


It  is  marked  in  tlie  Fig.  1;  1  —  loop  oscillator;  2  — 
active  arm;  3  —  passive  ann;  4  —  concentrated  ca¬ 
pacitive  load  C] ;  5  —  distributed  reactive  load. 

The  calculation  of  the  feed  impedance  of  LODRL  Z^p 
has  been  carried  out  with  the  equivalent  scheme 
metliod  taking  into  account  the  method  of  induced 
electromotive  force; 


"inp 


_ 1 _ 

+Z^N(N-]) 


1 


x-1 


Zp+ZiA 


-Zi(n-l) 


where  Zi  is  the  reactive  impedance  of  the  capacitance 
Cl ;  Zp  is  the  impedance  of  antiphase  excitation. 

In  this  case,  Zp  is  defined  as  shunt  connection  of  short 
and  open-circuited  parts  of  feeder  with  different  wave 
impedances; 
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Z 


P  " 


^op^d 

■^op 


where  Zd  =  -ypj  cot(/:/-4) ;  h  is  a  value  of  shorten¬ 
ing  of  tlie  open-circuited  conductor. 

Estimations  have  been  carried  out  for  the  oscillator,  in 
which  the  loop  and  distributed  load  had  been  in  the 
fonn  of  strip.  Wave  impedances  p,  and  pa  of  the  strip 
twin  feeder  have  been  detennined  by  the  known  for¬ 
mulae  [3].  Plots  of  active  (R,  solid  line)  and  reactive  {X, 
dashed  line)  components  of  asymmetrical  LODRL 
input  impedance  versus  ratio  U'k  arc  shov\'n  in  Fig.  2. 


0.2  0.25  0.3  0.35  0.+  0.45  0.5  0.55  0.6  0.65  0.7  0.75  0.8 


y\ 

Fig.  2.  Plots  of  feed  impedance  components 
of  LODRL  versus  HX 

One  can  see  essential  distinctions  with  respect  to  the 
LO  input  impedance  frequency  dependence:  the  active 
part  of  input  impedance  changes  slightly  for  LODRL  of 
0.65  >  HX  >  0.25  and  it  is  limited  by  40. ..80  Q, 
whereas  the  reactive  component  of  feed  impedance 
mainly  is  of  capacitive  nature,  and  its  absolute  value 
doesn't  exceed  50  fl 

In  order  to  illustrate  the  eapabilitics  of  LODRL  match¬ 
ing,  the  dependence  of  input  VSWR  fed  by  75  D  feeder 
versus  ratio  UX  is  shown  in  Fig.  3. 


It  is  seen,  that  it  is  possible  to  attain  optimal  matching 
for  LODRL  (VSWR  <  2)  in  the  frequenc}'  band  1:3  and 
more.  In  tlie  high  frequency  domain  the  dependence  is 
of  oscillating  nature,  though  sharp  mismatching  is  not 
observed. 

For  experimental  checking  up  there  was  a  sample  of 
asjTnmetrical  LODRL  with  following  parameters 
(mm):  /  =  120;  S  =  28;  S'  =  20;  4  =  1;  S’a  =  10  (the  dis¬ 
tance  between  the  active  arm  and  a  distributed  load). 
Mesurments  had  been  carried  out  for  DMW  band 
within  limits  of  450... 800  MHz.  Basing  on  the  results, 
it  has  been  found  out  that  VSWR  <  2,0  can  be  reached 
at  relative  frequency  band  of  about  42  %  and  besides, 
the  middle  frequency  of  this  band  is  only  10  %  above 
the  resonance  frequency  of  half  -wave  oscillator. 

Basing  on  the  theoretical  and  experimental  results  one 
can  afftnn  that  for  the  proposed  loop  oscillator  with  the 
distributed  reactive  load  a  sufficiently  wider  band  of 
satisfactory  matching  with  the  feeder  is  provided  than 
for  the  "classical"  oscillators. 

Nowdays,  the  theory  of  LODRL  isn't  developed  enough 
and  it  needs  to  be  specified. 
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Fig.  3,  Plot  of  LORDL  VSWR  versus  ilX 
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ABSTRACT 

The  calculation  expressions  for  the  radiation  resistance 
of  a  circular  cylinder  helix  are  deduced. 

INTRODUCTION 

The  induced  EMF  method  is  of  the  most  importance  for 
determination  of  the  radiation  resistance  and  input 
impedance  of  helical  antennas.  However,  it  should  be 
emphasized  that  there  are  two  formulations  of  the 
method.  One  of  them  is  based  on  the  Pojmting  theorem; 
another  other  -  on  the  mutuality  theorem.  The  both 
fonnulations  are  suitable  for  consideration  of  helical 
antennas,  but  they  characterize  different  physical  phe¬ 
nomena,  which  can  be  described  as  the  following: 

^.4  W = ^ J  ,  (2) 

I(x) 

where  /„(0  is  the  extraneous  current  distribution  along 
an  antenna  wire,  7(x)  and  /"(x)  are  the  direct  and  conju¬ 
gate  current  values  in  the  wire  section,  for  which  Zi 
and  are  determined;  Er(^)  is  the  tangential  compo¬ 
nent  of  the  field  near  the  antenna  wire;  Z^  and  are 
the  complex  radiation  resistance  and  the  input  imped¬ 
ance  of  the  antenna,  respectively. 

Distinction  of  formulas  (1)  and  (2)  consist  in  that  con¬ 
jugate  currents  in  (1)  are  replaced  with  the  direct  cur¬ 
rent  values  in  (2).  The  expressions  are  the  same  only 
when  the  set  current  distribution  7(x)  is  described  by  a 
real  function  7(x)  =  /(x),  that  is  to  say  the  current  dis¬ 
tribution  is  unifonn.  However,  under  /(x)  /'(x)  for  the 

travelling  current  distribution  the  calculation  results  of 
(1)  and  (2)  are  different.  In  this  case  an  estimate  of  Z^ 
is  more  accuracy.  In  spite  of  this  estimation  of  Zs  by  (1) 
is  used  more  often  in  practice.  Tlie  paper  deals  with  de¬ 
scription  of  helical  antemias  according  to  the  formula  (1). 

PROBLEM  FORMULATION 

Let  us  consider  a  helical  antenna  located  on  a  circular 
cylinder  as  a  model  shown  in  Fig.  1. 

According  to  Fig.  1  the  cylindrical  helical  antenna 
represents  the  composition  of  two  independent  arrays: 


1)  the  system  of  axial  electrical  dipoles  for  h  «X  and 
2  the  systems  of  parallel  circular  loops  with  finite  sizes 
are  located  along  the  axis  Z. 


Taking  into  consideration  the  orientation  of  dipoles  and 
loops  we  can  consider  that  Zv  =  Z^a  +  Zzs,  where  Zia,  Zn 
are  radiation  resistances  of  arrays  from  dipoles  and 
loops,  respectively. 

Let  the  helical  antenna  current  distribution  be  travel¬ 
ling.  Then,  if  we  assume  Ina  +  h  =  X,  elements  of  tlie 
array  are  inphase  and  with  equal  amplitudes  in  a  first 
approximation. 

Let  us  examine  the  interaction  resistances  for  each 
array. 

For  axial  electrical  dipoles  the  investigation  will  be 
carried  out  for  two  dipoles  located  at  the  distance  h  (see 
Fig.  2a),  which  equals  h  for  adjacent  elements.  Taking 
into  account  that  the  imaginary  radiation  resistance  is 
very  small  for  electrical  dipoles,  calculate  the  radiation 
resistance  by  the  Poynting  method  for  which  it  is  neces¬ 
sary  to  know  radiation  field  in  the  far-field  zone 

Eq  -  j-60k7{  -tgff P (  JAL).. cos 9 cosf sin 9 j ,  (3) 
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GENERAL  DESCRIPTION 


where  is  the  current  of  the  antenna  inputs,  igg-  is 
the  dipole  effective  length;  =  I2O71E0  . 


X 


b 

Fig.  2 


Taking  into  account  that 

F^l  s 

after  calculations  (4)  we  obtain 

The  analysis  for  the  radiation  resistance  of  the  array 
from  loops  was  carried  out  similarly  to  [1]. 


In  this  case  let  us  take  advantage  of  the  induced  EMF 
method.  The  centers  of  the  loops  (in  the  planes  XY  and 
XY’)  are  located  in  the  center  of  the  coordinate  system 
and  the  distance  between  the  centers  equals  h  (see  Fig. 
2b).  The  current  distribution  of  the  loop  is  represented 
in  the  following  way 

l{s)  =  he>^, 

w'here  S  =  a-cp,  and  the  current  element  is  given  by 

J/  (s)  =  al^e  (cos  (p  •  +  sin  cp  •  ^cp , 

The  current  distribution  for  ^{s)  is  the  same,  where 
S  =  a-(^ . 

Taking  into  account  the  coupling  between  the  rectan¬ 
gular  and  polar  coordinate  systems  for  each  loop: 

x  =  -acos(p]  x'  =  -acos(p' 

7=:asincp  j  ’  >’'  =  asincp' 

and  w'riting  the  distance  between  the  elements  dl  and 
df  in  tenn  of 

r  =  ^-x'f+{y-yf+H^  . 

the  expression  for  Z-z\ 2  can  be  presented  as 
2  27t27t 

^112  I  fexp(-7A:(7(cp-cp'))exp(-;AT)- 

0  0 

\  (k^r^  -  j3kr-3  {y~y'^  k^r^+Jkr  +  1 

'tl  ^ 

k^r^-j3kr-3  {x'-x){y'-y)  . 

H - 4 - ^ — ^-sincp  4 

r 

fk^r'^-  flkr  -  3  (x'  -  xf  k'^r^  +  jkr  4- 1 
+  -  + 

y  r  r  r 

-j3kr-3  {o^-x){y'-y)  1  .  ,1  »  ,  i 

- i - i - =^cos(p  smep  Wepaep  .(6) 

J  J 

CONCLUSION 

The  radiation  resistance  research  of  circular  cylindrical 
helical  antenna  represented  as  the  two  independent 
arrays  allow  to  determine  both  the  antenna  input  im¬ 
pedance  and  the  directivity  value  in  dependence  on  the 
helix  geometrical  parameters. 
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ABSTRACT 

A  wide  application  of  MW  band  leads  to  the  necessity 
of  antenna  arrays  designing  from  the  elements  of  small 
overall  sizes.  While  designing  these  antennas  the 
problem  of  interactive  influence  of  the  array  elements 
and  the  interaction  impedance  is  of  paramount  impor¬ 
tance. 

PROBLEM  FORMULATION 

Let  us  represent  loop  antennas  as  equivalent  magnetic 
dipoles  for  calculation  of  the  interaction  impedance. 
Then  using  the  principle  of  polarization  duality  the 
problem  can  be  reduced  to  the  examination  of  electrical 
dipoles  with  the  antenna  effective  length  /eg-equal  to  the 
dipole  arm  length.  For  small  loops  /efr=  k-S,  where  k  - 
TilX,  S  is  the  loop  area. 

Small  loop  antennas  in  the  plane  XY  and  X'Y'  as  well 
as  their  magnetic  dipole  moments  qu  along  the  axis  Z 
are  presented  in  Fig.  1.  The  magnetic  parallel  dipole 
are  located  along  the  axis  Y  at  tlie  distance  d.  In  order 

to  calculate  the  interactive  radiation  impedance  ZI.^2  we 
take  advantage  of  the  induced  EMF  method.  It  is  con¬ 
venient  to  represent  the  radiation  field  components  in 
the  near-field  zone  by  Uie  vector  potential  of  Hertz  ^ 

E{x',y')=—^ - f4raddiv^+A:^^W,  (1) 

where 

(2) 

47t  •'  r 

-1 

where  ^  is  the  coordinate  along  the  wire  with  the 
current;  r  is  the  distance  to  the  obseix'ation  point. 

The  interaction  impedance  of  the  input  current  /i,  is 
given  as 

,  i 

=  (3) 

|3<l 

On  the  basis  of  expressions  (1),  (2)  for  vertical  Hertz 
dipole  (see  Fig.  1)  the  components  Ee,  E^  and  differ 


from  zero.  For  further  research  we  shall  considere  only 
the  component  Eq 


X  X' 


Fig.  1 

Due  to  the  dipoles  located  along  the  axis  Z  the  compo¬ 
nent  El  can  be  written  for  tlie  main  direction  6  =  n/l  in 
the  rectangular  coordinate  system  as  the  following 

£■2  =£',.cos0-£0Sin0  =  -£9,  (5) 

and,  therefore,  E^^Ei-  -E^. 

Thus,  on  the  basis  of  tlie  formulas  (4),  (5)  and  under 
the  condition  that  -In-h  -  const  and  r  =  d,  we 
obtained 

E^n  =  -j-^^-(l  +  Jkd-{kdf)-e-J’^‘^  ,  (6) 

where  =  20  ■k'^S^  is  the  self  radiation  impedance 

of  tlie  loop  antenna. 

On  the  basis  of  the  result  for  magnetic  dipoles  we  now 
turn  to  the  consideration  of  tlie  finite-sized  circular 
loop  with  the  radius  a. 

GENERAL  DESCRIPTION 

The  loop  antennas  with  the  radius  a  are  shown  in 

Fig.  2.  They  are  located  along  the  a.xis  (XY)  and  (X'Y), 
respectively,  and  the  distance  between  their  centres 
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equals  d.  The  loops  inputs  are  on  the  axiases  X  a  X‘, 
respectively,  and  the  current  distribution  is  assumed  as 
tlie  cosine-function.  Then  for  the  current  element  dl  on 
the  loop  1  we  can  write 

rzr((p)  =  v  •  cos[A'fl(7i  -  cp)] ■  (e^  si  nep + dy  cos cp) ■  r/cp .  (7) 

Corresponding  expression  can  be  given  for  c/7'(cp')  and 
the  condition  Jo  =  lo-  Therefore,  Zx;i2=  Z^2\- 


k^r^-j3kr-3  {x'-x){y'-y)  . 

+ - - -i - — Z/.gincp 


-  j3kr  -  3  (x'  -  xf  +  jkr  + 1 

^3  ^2  +  ^3 


sincp- 


sincp'  Idpt/cp' .  (10) 


According  to  (10),  and  A212  are  computed  and  the 

results  obtained  are  compared  with  the  calculation  (6) 
for  small  loop  antennas. 


CONCLUSION 

The  research  of  the  interactive  impedance  for  small 
loop  antennas  with  the  finite  overall  sizes  allow  to 
establish  the  application  boundaries  of  the  dipole  repre¬ 
sentation  of  loop  antennas  as  well  as  to  analyze  the 
behaviour  of  the  interactive  resistance  and  reac¬ 
tance  Asi  2  in  dependence  on  the  ratios  alX  and  dIX. 


For  the  further  consideration  the  rectangular  coordi¬ 
nates  arc  substituted  for  angular  ones  (see  Fig.  2): 

|x  =  -c7-coscp 
[>^  =  0 -sincp 

|x'  =  -c7-coscp' 

[y  =r/-t-(7-sincp'  ’ 

where  r  =  -^x'  -  xf  -f  (>■'  -  yf  . 

Thus,  Zy;i2  is  determined  in  terms  of; 

2n 

•'O-'O  0 

The  field  components  E{x\y')  near  the  loop  2  are 
calculated  according  to  the  fonnulas  (1)  and  (2).  Thus, 
after  substitution  E{x’,y')  into  (9)  and  transformation 
of  the  integrand  for  Zy,]2  we  can  write  the  following: 

2  27t27l 

Zu2=^-J—~  J  Jexp(-yto(cp-cp'))exp(-/Arr)- 

0  0 


'k^r^-j3kr-3  (y-yf  k'^r'^  +  jkr  +  l 
,3  y  +  y 


cosep 
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ABSTRACT 

The  analysis  of  radiation  characteristics  for  a  zigzag 
antenna  is  represented.  The  obtained  mathematical 
expressions  of  electromagnetic  field  components  are 
given  in  an  analytical  form  by  the  use  of  a  Fourier’s 
series  for  Bessel’s  functions.  The  numerical  modelling 
results  of  radiation  characteristics  for  zigzag  antennas 
of  an  arbitrary  configuration  are  discussed. 


iS^— nasecp,  (lb) 

7t 

where  x,  y,  z  are  the  current  coordinates  in  the  rectan¬ 
gular  coordinate  system;  a  is  projection  of  the  an¬ 
tenna’s  arm  on  the  plane  XOY;  p  is  the  inclination 
angle  of  the  antenna’s  arm  to  the  plane  XOY;  S  is  the 
wire  length  of  Z-antenna;  a  is  the  parameter  changing 
from  0  to  271/7 ,  where  n  is  the  wraps  number. 


INTRODUCTION 

The  to-date  requirements  to  antenna  systems,  a  lot  of 
existing  research  problems  lead  to  necessit}'  of  the  fur¬ 
ther  improvement  of  tlie  well-known  antenna  charac¬ 
teristics  and  to  the  search  of  new  technical  solutions. 
As  for  wire  antennas  the  characteristics  improvement  is 
achieved  by  optimization  of  the  antenna  geometry  on 
the  polarization  and  directivity  criteria  [1],  [2],  As  it  is 
shown  in  [3],  zigzag  radiators  are  more  perspective 
from  the  point  of  view  of  potential  directive  features. 
The  antenna  allows  to  increase  tlie  directivity'  factor 
under  the  condition  of  its  small  overall  sizes,  for  exam¬ 
ple,  in  comparison  with  various  kinds  of  (director  and 
log-periodic)  antennas.  However,  frequently  the  radia¬ 
tion  characteristics  of  zigzag  antennas  are  calculated 
and  analyzed  approximately;  and  the  fact  doesn’t  allow 
to  study  and  to  realize  the  antennas  potential  features 
largely. 

Therefore,  the  interesting  for  engineers  problem  ap¬ 
pears,  the  solution  of  which  is  presented  in  tliis  paper. 
This  problem  aim  is  to  investigate  radiation  character¬ 
istics  of  zigzag  antennas  with  various  geometrical  con¬ 
figurations  in  more  general  electromagnetic  form. 

GENERAL  DESCRIPTION 


The  performance  of  antenna  in  terms  of  an  elliptical 
helix[I]  enables  to  solve  a  number  of  problems  both  for 
flat  and  volume  geometry.  For  example,  a  zigzag  an¬ 
tenna  is  a  degenerate  form  of  the  elliptical  helical  an¬ 
tenna  with  the  minor  axis  equal  to  zero.  Further,  we 
shall  denote  call  the  zigzag  antenna  as  a  Z-antenna. 


The  geometty  of  Z-antenna  shown  in  Fig.  1  is  described 
in  parametric  representation  as  follows; 


X  =  o  cos  a 

y  =  0  i; 

2  ^ 

z  =  a— atga 
It 


(la) 


The  expressions  (la)  and  (lb)  are  obtained  on  the  basis 
of  the  asymptotical  solution  of  the  elliptical  integral  for 
the  set  antenna  geometiy  as  shown  in  [1]. 

In  order  to  obtain  the  main  expressions  for  radiation 
field  of  Z-antenna  we  take  advantage  of  representation 
of  the  vector  potential  on  tlie  basis  of  which  one  can  to 
determine  electrical  field  density  in  asymptotical  ap¬ 
proximation  of  the  far-field  zone. 


(2a) 

E  =zlge0  +A^e^, 

(2b) 

where  bq,  are  tlie  vector  basises  of  the  spherical 
coordinate  system,  l{s)  is  the  current  distribution 
along  the  wire  of  the  radiator,  k  is  the  wave  number, 
r  is  the  distance  from  an  element  with  the  current  on 
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the  radiator  axis  to  a  point  of  the  antenna  far-field 
zone. 


Aecording  to  the  antenna  geometrical  configuration 
(la)  only  two  components  of  the  vector  potential  (2a) 
differ  from  zero,  namely  and  ,  therefore,  the 
field  polarization  nature  is  given  by  the  following 
equations 


Aq  =  ^;^.cos6cos(t)-v4-  sin0 
A^  =-^;,sin(t) 


(3) 


Thus,  the  further  analysis  of  Z-antenna  radiation  char¬ 
acteristics  (2b)  leads  to  investigation  of  corresponding 
components  of  the  vector  potential  (3). 


After  complicated  mathematical  transfonnations  of  the 
expressions  (5a)  and  (5b)  the  vector  potential  compo¬ 
nents  can  be  presented  as  follows 


A^=A  Sin0 cos ({))  x 

/?|=-CC 

exp(yCa„  ){jC sin  a„  -  cos  a„ ) 
C^-1 


(7a) 


9 

A^--jA-lg^  ^  (A:a  sine  cos  <())x 

”  ,  (7b) 

.  rexp(yCa„)-l1 

1  C  J 


We  assume  the  current  distribution  along  the  radiation 
wire  to  be 

I{s)  =  1q  exp(-y^Av) ,  (4) 

where  ^  is  the  coefficient  characterizing  the  wave 
slowing  under  the  condition  of  the  wave  propagation 
along  the  radiator,  therefore  it  leads  to  improvement  of 
the  antenna  directivity. 

Then,  taking  into  consideration  the  antenna  geometry 
(la),  (lb)  the  vector  potential  components  in  the  rec¬ 
tangular  coordinate  sy'stein  are  written  in  the  following 
way; 

Ax=Aq  jexp(-y^;c5')x 
0 

xexp[/A'(xsin0cosij)  +  zcos0)]sinocJa , 

“n 

4  =^QlgP  jexp(-y^A;.9)x 
0 

X  e.\p[7l'(x  sin  0  cos  <\)  +  z  cos  0)|sin  a\da , 


(5a) 


(5b) 


where  C  =  kh^yi  ~ln  +  m  ,  /?]  =  a{tg^  cos  0  -  sec  P  •  , 


3  4  5e^ 

— + - +..., 

64  256 


m,  n  are  the  w-th  and  w-th  orders  of  Bessel’s  functions, 
respectively. 


RESULTS  AND  CONCLUSION 

Thus,  on  the  basis  of  the  obtained  expressions  for  the 
vector  field  components  the  analysis  of  Z-antenna  ra¬ 
diation  characteristics  is  made  under  the  condition  that 
the  wave  slowing  along  the  radiation  wire  is  insignifi¬ 
cant  (^  =  1.00. ..1.1 1  is  obtained  experimentally). 

Note,  that  in  the  antenna  plane  (plane  XOY),  and  also 
in  the  axial  direction  (the  axis  OZ)  only  one  component 
of  the  vector  field  is  excited,  that  is  to  say  the  field  is 
linearly  polarized. 

The  presented  expressions  for  radiation  field  compo¬ 
nents  allowed  to  carry  out  optimization  of  geometrical 
parameters  of  Z-antenna. 


where  ./Iq  =  30A'/oflexp(-yA'/?)/A  is  the  multiplier 
describing  of  the  spherical  wave  behaviour  in  the  far- 
field  zone;  R  is  the  distance  from  the  coordinate  sys¬ 
tem  centre  to  a  point  in  the  antenna  far-field  zone. 

In  order  to  calculate  the  integrals  in  (5a),  (5b)  we  use 
expansion  into  the  Fourier  series  for  exponential  func¬ 
tions. 

CO 

exp(-yvsinY)  ==  cx\){-jyy, 

A/=-«  (6) 

00  ^  ^ 

e.xpOvcosy)  =  ]^y'V„,(v)expO;Y), 

M  =-«! 

where  is  Bessel’s  function  of  the  first  kind  of  wi-th 
order. 
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The  raise  of  the  gain  of  cylindrical  spiral  antenna 
(CSA),  which  is  excited  in  axial  radiation  mode,  is 
usually  reached  by  extension  of  axial  length  of  the 
spiral  [1].  However  CSA  gain  at  large  (more  than  15) 
number  of  coils  depends  on  magnitude  of  the  angle  of 
the  spiral  winding  [2];  when  the  angle  of  winding  is 
close  to  14°,  it  is  increased  practically  linearly  with 
growth  of  coils  number.  Increasing  of  CSA  gain  of 
limited  axial  length  is  received  by  the  putting  of  the 
metal  cylinder  inside  of  a  spiral  [3],  When  common 
length  of  antenna  is  equal  1.58A.,  gain  is  more  than 
13  dB. 

Simultaneous  reception  and  radiation  of  circular  po¬ 
larization  waves  with  opposite  (identical)  field  vectors 
rotation  direction  in  two  diverse  frequency  bands  can  be 
made  in  coaxial  spiral  antenna  (CSA)  containing  two 
coaxial  located  spirals  with  opposite  (identical)  direc¬ 
tion  of  w'inding  and  common  screen. 

Known  CSA  [4],  containing  two  coaxial  located  tape 
spirals  with  identical  direction  of  winding  and  the 
common  screen  operates  in  frequency  bands  of  750- 
900/1200-1300  MHz  (Xa/ki  =  1.47),  has  identical  gain, 
tliat  is  equal  12  dB,  in  both  frequency  bands.  The  in¬ 
creasing  of  gain  in  a  band  of  operational  frequencies  of 
an  e.xterior  spiral  is  obtained  because  of  influence  of  an 
interior  spiral.  The  substantiation  of  an  obtained  prize 
in  gain  of  an  antenna,  and  also  limits  of  frequencies,  at 
which  the  additional  amplification  is  reached  are  not 
explained  in  [4]. 

The  considered  effect  of  gain  extension  is  obtained  by 
us  at  development  of  CSA  containing  two  coaxial  lo¬ 
cated  regular  cylindrical  wire  spirals  with  opposite 
direction  of  winding.  CSA  (Fig.  1)  has  gain  that  is  not 
less  than  13  dB  in  frequency  bands  of  3.4-3.9/5.72- 
6.25  GHz  (kj/A.,  =  1.65). 

The  substantiation  of  CSA  additional  amplification  on 
the  lower  frequencies  because  of  energization  of  an 
axial  radiation  wave  in  an  interior  spiral  is  insuffi¬ 
ciently  correct,  because  relative  length  of  a  coil  of  the 
spiral  is  2%afk  =  ka<  0.6  on  these  frequencies,  where  a 
-  coil  radius,  k  =  Inl'k.  It  is  possible  to  explain  exten¬ 
sion  of  CSA  gain  on  the  lov/er  frequencies,  using  a 
principle  of  antenna  operation  [3],  taking  into  account 
the  magnitude  of  the  diameter  of  the  exterior  surface  of 
the  interior  wire  spiral  {la,  ,,,j, ). 

For  the  definition  of  regularity  of  a  modification  and 
the  reasons  of  additional  extension  of  the  gain  on  the 
low'er  frequencies  from  relative  geometric  parameters  of 


the  CSA  outcomes  of  experiments  are  shown  in  a  ta¬ 
ble  1. 


Table  1 


A,/ A,  =1.47,  02/01=1.62 

gain,  dB 

gain,  dB 

0.17 

9.5 

0.165 

10 

0.18 

11 

0.168 

12 

0.195-0.245 

12 

0.17-0.205 

13 

0.254 

11 

0.207 

12 

0.261 

9.5 

0.21 

10 

There  are  ratios  of  the  tape  interior  spiral  diameter  la, 
[4]  and  diameter  2aies.  (Fig.  1)  to  tlie  exterior  spiral 
wavelengths  I2,  where  the  gain  extension  is  reached  in 

2  times,  and  also  their  boundary  ratios,  where  the  addi¬ 
tional  amplification  is  not  observed,  at  ratios  of  average 
lengths  of  waves  A2/A,  and  angles  of  winding  (Xila.,  of 
considered  CSA  in  the  table.  In  gaps  of  these  ratios  the 
smoothly  varying  gain  increment  from  0  up  to  2.5  ... 

3  dB  is  observ'ed. 

The  maximum  gain  extension  on  the  lower  frequencies 
is  reached(achieved)  at  ratios  lail7^2  =  0.195...  0.245  at 
tape  CSA  (at  A2/A1  =  1.47,  a2/ai  =  1.62)  and  lau  J'k.2  - 
0.17  ...  0.205  at  wire  CSA  (at  A2/A1  =  1.65  and  aJet,  = 
1.83). 

The  increasing  of  the  winding  angles  ratio  a2/ai  re¬ 
duces  in  a  diminution  of  ratios  2«i/l2,  at  which  the  gain 
extension  is  observed. 
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It  is  known  [5],  that  in  a  beam  dielectric  antenna  there 
is  a  sharp  passage  from  a  condition  in  which  dielectric 
almost  docs  not  influence  a  phase  velocity  and  it  is 
equal  to  vciocitj'  of  light  (c),  to  a  condition,  when  the 
phase  velocity  is  close  to  cj .  If  s,  is  small,  the 

passage  from  one  condition  to  another  happens  rather 
smoothly  at  large  values  of  a  ratio  of  the  rod  diameter 
to  a  wavelength.  By  this  way  the  influence  of  an  inte¬ 
rior  spiral,  at  which  an  additional  amplification  on  the 
eSA  lower  frequencies  is  observed,  similarly  to  a 
slowing  down  effect  of  a  beam  dielectric  antenna  with 
e.r «  30  at  a  ratio  of  the  rod  diameter  (interior  spiral)  to 
a  wavelength  2o]/X2  >  0.17. 

The  influence  of  an  interior  spiral  on  CSA  gain  in  the 
lower  frequency  band  is  not  observed  at  ratios  2ai/X,2  < 
0.17. 

The  lower  range  of  CSA  operational  frequencies  with 
increased  gain  is  narrowed  down  and  the  minimum 
frequency  decreases  at  extension  of  a  density  (diminu¬ 
tion  of  an  angle)  of  the  interior  spiral  winding.  At  the 
winding  angle  close  to  zero  the  antenna  has  increased 
gain  in  narrow  frequency  band  {3], 

The  maximum  frequency  of  the  lower  range  of  CSA 
operational  frequencies  with  increased  gain  is  deter¬ 
mined  by  a  upper  bound  of  existence  of  an  axial  radia¬ 
tion  wave  at  the  exterior  spiral  and  depends  on  a  ratio 
of  CSA  spirals  diameters  [6].  When  ratio  of  diameters 
of  spirals  is  less  than  1.75  the  magnitudes  of  ka  <  1.25, 
and  the  maximum  value  of  ka  decreases  with  a  dimi¬ 
nution  of  the  ratio  of  diameters  of  the  spirals. 

The  maximum  ratio  la^/ 4,  at  which  the  gain  extension 
is  obseived,  depends  on  the  winding  angles  ratio  and  it 
docs  not  exceed  0.25;  at  increasing  a2/«i  the  ratio  2fli/ 
I2  decreases. 

The  relative  axial  lengths  of  considered  antennas  prac¬ 
tically  are  identical,  but  CSA  gain  (Fig.  1)  is  more  than 
gain  of  an  antenna  on  IdB  [4].  This  prize  is  because  the 
CSA  spirals  are  cylindrical,  but  in  [4]  —  with  a  conic 
termination.  Besides  the  CSA  spirals  (Fig.  1)  have 
unequal  axial  lengths  distinguished  on  a  quarter  of  a 
maximum  wavelength,  Length  of  a  conic  part  of  a 
metal  rod  [3]  is  also  equal  0.252..  It  allows  to  improve 
the  concordance  of  an  antenna  with  the  feeder. 

CONCLUSIONS 

The  gain  extension  of  the  lower  range  of  CSA  opera¬ 
tional  frequencies  at  the  expense  of  a  slowing  dowm 
effect  of  an  interior  spiral  can  be  obtained  only  at  indi¬ 
cated  ratios  of  the  interior  spiral  diameter  to  the  exte¬ 
rior  spiral  wavelength. 

The  band  of  the  CSA  lower  frequencies,  when  the  ad¬ 
ditional  amplification  is  observed,  extends  with  a  dimi¬ 
nution  of  the  ratio  of  spirals  winding  angles. 


The  concordance  of  CSA  with  the  feeder  is  improved,  if 

its  spiral  have  unequal  axial  lengths  distinguished  on  a 

quarter  of  a  maximum  wavelength. 
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ABSTRACT 

A  computational  method  of  small-sized  loop  antennas 
of  tlie  meter  and  decimeter  ranges  with  capacitive  loads 
is  coitsidered.  It  is  shown  that  a  cascading  of  capacitive 
loads  in  antenna  enables  one  not  only  to  reduce  the 
dimensions  of  antenna  but  also  to  obtain  an  isotropic 
radiation  pattern  in  the  horizontal  plane.  The  offered 
antennas  can  find  applications  in  TV  broadcasting,  and 
mobile  and  other  kinds  of  radio  communications. 

INTRODUCTION 

As  it  is  known,  in  meter  and  decimeter  wave  bands 
under  conditions  of  settlements  and  industrial  objects 
the  transmission  quality  of  the  television  information, 
and  also  cellular  phone  mobile  and  other  kinds  of  radio 
communication  rises  when  using  horizontally  polarized 
waves,  as  compared  to  using  vertical  polarization  [1). 
In  the  given  work  the  capability  of  creation  of  the 
small-sized  antenna  of  horizontal  polarization  with  the 
isotropic  radiation  pattern  is  regarded. 

In  the  work  [2],  the  method  of  integral  equations  (EE) 
for  calculating  stub  and  loop  bent  antennas  of  different 
form  with  sequentially  connected  concentrated  loads 
has  been  set  forth.  Computing  IE  by  this  method,  tlie 
authors  managed  to  determine  behavior  in  the  fre¬ 
quency  band  of  input  impedance  ( Zj„  «  ±  )  of 

the  loop  antenna  of  finite  thickness  with  sequentially 
connected  capacitive  loads. 

INVESTIGATION  RESULTS 
In  Fig.  I,  the  charts  f?,„and  X,„ , obtained  by  IE 
metliod  for  the  loop  antenna  in  the  form  of  a  square  are 
presented  at  change  of  electrical  length  of  a  closed  loop 
P/X  within  the  limits  of  0  ...  2.  Dashed  lines  are  for  the 
customary  antenna  of  finite  thickness  with  parameter 
G  =  10.3  without  loads;  solid  ones  -  for  input  resis¬ 
tances  of  the  same  antenna  with  two  symmetrically 
connected  capacitive  loads  at  distances  Hq  =±0.125P. 
from  the  antenna  excitation  point 

The  chart  in  Fig.  la  illustrates  originating  in  the  an¬ 
tenna  with  capacitive  loads  of  a  padding  (series)  reso¬ 
nance  of  current  (A',„  =  0)  at  VIX  »  0.5  symbolized  in 
the  figure  as  ®,  whereas  the  resonance  in  the  antenna 
without  loads  ensues  only  at  electrical  length  of  the 
antenna  P/X  »  (1.1  ...  1.2)  symbolized  as  O.  Thus,  at 


change  of  electrical  length  of  the  antenna  in  the  range 
0  <  P/X  <  1 .5  in  the  antenna  without  loads  there  is  only 
one  resonance  (ordinaaiy  propert)'  of  loop  antennas), 
and  in  the  loop  antenna  with  capacitive  loads  -  there 
are  two  ones  in  points  ®  and  ®. 

A  padding  resonance  of  a  current  ®  in  the  antenna 
with  loads  is  of  especial  interest,  for  it  can  be  utilised 
for  the  development  of  electrically  small  loop  antennas, 
a  resonance  frequencj'  of  which  can  be  controlled  in  the 
main  with  a  value  of  a  capacitive  load.  As  is  seen  from 
the  chart  in  Fig.  la  a  resistance  of  the  antenna  lays 
within  the  limits  of  50... 200  Olun,  that  is  quite  reason¬ 
able  to  matching  such  antennas  with  the  feeder.  The 
research  [2]  have  shown,  that  the  most  favourable  con¬ 
ditions  for  an  antenna  matching  wiUi  tlie  feeder  take 
place  at  |/i(-|<0.2P. 

It  is  possible  to  determine  the  value  of  capacitive  load 
depending  on  a  place  of  its  actuation  {Hq),  on  a  closed 
loop  perimeter  (P)  and  other  parameters  of  the  antenna 
with  a  reasonable  accuracy  rate  by  a  method  of  an 
equivalent  line  [3].  After  that  it  is  possible  computing 
by  an  integral  equation  method  [2]  to  update  a  fissile 
component  of  an  input  resistance  of  the  antenna 
P,„and  distribution  of  a  current,  and  also  radiation 
pattern  and  other  parameters. 

Assuming  the  considered  loop  antenna  to  be  in  the 
fonn  of  short-circuited  piece  of  lengthy  waveguide,  we 
shall  obtain  the  expression  for  capacitive  reactance  of 
load  to  be  defined  [3]; 

=Q.5W{tg[l'n.lX*i0.5P-h^)]  +  tg{2nlX*h^)),  (1) 

lF  =  2761g(P/4/'^),  (2) 

where  W  is  the  wave  resistance  of  the  antenna,  X  is  the 
lengtli  of  antenna  operating  wave. 

As  follows  from  (1),  at  a  Constance  of  parameters  W,  P 
and  X  the  change  of  points  of  connection  of  loads  (/ic) 
entails  a  change  of  their  capacitive  reactance.  Besides, 
the  change  of  h^;  results  in  P,„  change  [2].  Consider 
the  small-sized  antenna  with  loads  produced  from  alu¬ 
minium  conductive  of  a  tube  a  dia  16  nuns  witli  pe¬ 
rimeter  of  a  tube  P  =  1360  mm  and  =  170  mms.  An 
operational  frequency  120  MHz.  From  the  formula  (1) 
is  received  Xq  ==  -735  Ohm,  that  corresponds  to  ca¬ 
pacitance  with  1.9  pF.  Calculation  of  this  version  of  the 
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antenna  by  the  integral  equation  method  [2]  has  al¬ 
lowed  to  update  a  value  of  resonant  capacitance  from 
1.9  pF  to  2.03  pF  and  jointly  to  determine  a  value  of 
resonance  resistance:  Rj„  =  47  Ohm.  Note,  that  in  the 
absence  in  the  given  antenna  of  capacitive  loads  its 
input  resistance  computed  by  the  IE  method  [2]  in  the 
vicinity  of  the  antiresonance  is  =  1522  -  /4981 
Ohm,  and  the  corresponding  value  of  a  current  module 
at  voltage  t/  =  1  V  on  an  antenna  input  is  0.19  mA. 
Such  data-ins  are  unacceptable  for  matching  an  an¬ 
tenna  port  with  the  feeding  feeder. 

Unlike  this,  under  similar  condition  in  the  same  an¬ 
tenna  with  connected  capacitive  loads  the  current  mod¬ 
ule  at  a  resonance  sharply  increases,  approximately  by 
two  orders,  and  the  antenna  becomes  serviceable  with 
an  input  resistance  close  to  50  Ohm.  We  have  consid¬ 
ered  the  version  of  the  loop  antenna,  diminished  ap¬ 
proximately  twice  relative  to  the  classic  sizes  (P/Z  =1.1 
...1.2).  If  necessary,  the  antenna  can  be  reduced  by  a 
greater  factor  at  other  values  of  switched  on  ca¬ 
pacitive  loads,  defined  by  the  formula  (1). 

The  research  by  an  integral  equation  method  [2]  have 
shown,  that  in  classic  loop  antennas  of  any  configura¬ 
tion  (circular,  rhombic  etc.)  with  an  ordinary'  perimeter 
of  a  closed  loop  (1.1...1.2>.)  without  loads  in  the  distri¬ 
bution  of  a  current  along  a  closed  loop  there  are  two 
diametrically  opposite  zero  falls.  These  falls  stipulate 
availability  of  the  conforming  two  zero  falls  in  the 
radiation  pattern  in  a  plane  of  such  antennas.  The  con¬ 
nection  of  capacitive  loads  in  similar  antennas  allows 
not  only  to  reduce  their  sizes,  but  also  to  eliminate  zero 
falls  in  the  current  distribution  and,  consequently,  to 
obtain  the  isotropic  radiation  pattern  in  a  plane  of  the 
antenna  with  capacitive  loads  [3,  4]. 

The  version  of  implementation  of  a  small-sized  loop 
antenna  with  capacitive  loads  is  depicted  in  Fig.  2.  The 


loop  antenna  comprises  a  conductive  closed  loop  1, 
produced  in  the  form  of  a  bent  tube,  and  terminals  2  on 
the  opposite  ends  of  a  conductive  closed  loop  for  hook¬ 
ing  up  of  a  feeding  channel.  The  loads  3,  being  of  ca¬ 
pacitive  nature,  are  mounted  in  a  closed  loop  1  on  both 
sides  of  terminals  at  distances  from  them  no  more  than 
0.2  perimeters  of  a  conductive  closed  loop. 

Each  of  loads  3  is  implemented  as  metallic  barrel  4, 
having  a  galvanic  contact  to  one  part  of  a  conductive 
closed  loop,  inside  of  which  one  the  iron  core  5,  gal¬ 
vanically  bound  by  screwed  joint  with  another  part  of  a 
conductive  closed  loop,  is  introduced.  The  dielectric 
bush  6  is  placed  inside  the  barrel  4,  inside  this  bush  an 
iron  core  5,  and  on  its  surface  which  is  not  entering 
inside  of  the  dielectric  bush  freely  slides,  there  is  a 
thread.  With  the  help  of  this  thread  the  iron  core  5  is 
twisted  into  a  tliread  of  shank  bore  of  a  handset  7,  at¬ 
tached  to  isolator  of  load  ,3,  that  enables  a  rod  5  to 
arbitrarily  travel  along  internal  space  of  tlie  dielectric 
bush  6,  changing  with  this  reactance  of  load  3.  The  test 
leads  of  handsets  7  are  closed  by  caps  8. 

The  antenna  is  attached  to  a  dielectric  crossbar  9  with 
the  help  of  a  grip  10  and  the  two  grips  1 1  (one  of  them 
conditionally  is  not  shown  in  Figure).  Both  grips  11, 
are  welded  to  handsets  7,  and  simultaneously  serve  as 
removals  for  hooking  up  of  the  feeder  12  to  terminals  2. 
Hooked  up  to  terminals  2  feeder  12  is  made  on  a  cross¬ 
bar  9  toward  the  receiver  (transmitter).  The  final  tuning 
of  the  antenna  in  a  resonance  of  an  iron  implements  at 
removed  caps  8  by  twist  (unscrewing)  core  5  screw¬ 
driver  or  special  key  entered  into  handsets  7.  After 
tuning  the  situation  of  rods  5  is  fixed  with,  for  example, 
potting. 
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Fig,  2 


CONCLUSION 

The  reported  loop  antenna  can  find  applications  in 
modern  TV  and  radio  communications,  for  it  has  a 
number  of  advantages  with  respect  to  ordinary  stub 
antennas,  namely  there  is  a  necessity  for  ground  plane 
and  the  isotropic  radiation  pattern  in  tlie  plane  parallel 
to  the  Earth  is  provided  at  the  horizontal  polarization  of 
radio  waves. 
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ABSTRACT 

The  research  of  band  properties  of  a  hemisphere  helical 
antenna  with  the  optimum  geometrical  parameters  has 
been  carried  out.  Theoretical  and  experimental  results 
of  direction  and  polarization  features  of  the  antenna, 
and  also  the  input  impedance  in  a  wide  band  are  pre¬ 
sented. 

INTRODUCTION 

A  lot  of  up-date  communication,  radar  and  radiotele- 
metry  system  operate  with  signals  of  a  various  polari¬ 
zations.  Therefore,  there  arc  many  problems  concerned 
development  of  elliptical  polarization  of  antennas  oper¬ 
ating  in  the  set  direction. 

It  is  known  that  isotropic  antennas  are  more  suitable  for 
such  systems,  since  they  provide  the  sjstem  reliable 
work  due  to  that  losses  conditioned  by  the  polarization 
anisotropy  can  be  decreased  by  omni-directional  helical 
antennas  [1]  which  meet  these  requirements  more  fully 
because  of  they  can  radiate  close  to  the  isotropic  pat¬ 
terns  in  the  axial  direction  and  to  provide  rather  high 
values  of  the  axial  ratio  in  a  w'ide  band. 

Possibilities  of  conical  and  cylindrical  helical  antennas 
application  for  dilferent  radio  systems  (including  mo¬ 
bile  ones)  are  restricted  by  their  overall  dimensions. 
The  antenna  axial  size  can  be  reduced  by  means  of 
location  of  helical  antenna  wires  on  a  hemisphere. 
How'cver,  there  are  engineering  difficulties  conditioned 
by  the  absence  of  fiill  analytical  and  ex'perimental  re¬ 
sults  in  research  of  such  antennas. 

GENERAL  DESCRIPTION 

Let  us  consider  a  hemisphere  helical  antenna,  the  ge¬ 
ometry  of  which  is  shown  in  the  Fig.  1  in  Cartesian 
coordinate  system.  Radiation  wires  design  in  tenns  of 
regular  helixon  a  hemisphere  is  a  peculiarity  of  the 
antenna  geometry.  The  maximum  wavelength  of  the 
antenna  radiation  field  is  determined  by  the  hemisphere 
radius  lU,,),. 

Directional  and  polarization  features  of  tlie  presented 
antenna  can  be  analyzed  on  the  basis  of  the  vector  po¬ 
tential  method,  allow'ing  to  detennine  electromagnetic 
field  in  an  asymptotical  approximation  of  the  antenna 
far-field  zone  as  follows 


E  s  =  j30k ^I(s)S^sL^ds  ’ 

where  k  is  the  wave  number  of  free  space;  s,  p  are  the 
relative  permittivity  and  penneability  of  environment, 
respectively;  r  is  the  distance  between  the  observation 
point  M  in  the  far-field  zone  and  an  element  dS  on  a 
radiation  wire  surface;  7(s)  is  the  current  distribution 
function  along  tliis  surface. 


Let  the  antenna  radiation  be  characterized  by  an  'ac¬ 
tive’  area  in  the  main.  The  current  distribution  along 
the  area  can  be  written  as  follows.  [1] 

I {s)  =  s-Iq  exp( -jks) ,  (2) 

where  s  is  the  unit  vector  of  a  current  direction;  s  is 
the  length  of  a  helixfrom  the  antenna  center  (0  =  0)  to 
the  point  ds  to  be  considered;  7o  is  the  amplitude  of  the 
current  distribution  in  the  origin  of  the  'active’  area. 

As  a  result  of  numerical  modeling  of  the  antenna  po¬ 
larization  and  direction  characteristics  according  to  (1) 
and  (2),  the  influence  of  the  antenna  parameters  on 
these  characteristics  is  evaluated  in  order  to  obtain 
optimum  geometric  parameters  on  the  criteria  of  the 
axial  radiation  and  elliptical  polarization 

Some  results  of  theoretical  research,  for  different  num¬ 
ber  of  antenna  turns  and  arms  are  presented  in  [2]. 

The  research  of  the  antenna  band  properties  in  [2]  fully 
agrees  with  the  obtained  experimental  results  in  the 
paper. 
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CONCLUSION 


RESULTS  OF  THE  EXPERIMENTAL 
RESEARCHES 


The  frequency  dependence  describing  direction  and 
polarization  properties  at  the  following  optimum  an¬ 
tenna  design  is  presented  in  Fig.  2. 


Fig.  2.  Theoretical  and  experimental  patterns  widths 
of  the  hemisphere  helical  antenna 


The  two-arm  helical  antenna  fed  in  antiphase  in  the 
sphere  vertex,  the  turns  number  n  equals  5.5.  The  ge¬ 
ometry  provides  axial  directional  radiation  with  the 
main  polarization  component. 


The  presented  frequency  curve  characterizes  the  pattern 
half-power  width  of  the  hemisphere  helical  antenna. 
Here  the  experimental  results  fully  agreed  with  the 
shown  theoretical  data.  The  axial  ratio  is  more  then  0.7 
in  all  band  of  the  pattern  width. 


Fig.  3.  The  input  impedance  of  the  antenna 


The  experimental  curves  of  the  antenna  input  imped¬ 
ance  in  dependence  on  frequency  values  are  shown  in 
Fig.  3.  According  to  it  the  antenna  is  a  wide-band  one 
as  for  the  input  impedance  for  the  antenna  optimum 
geometiy’  and  the  assumed  current  distribution  (2). 


Thus,  the  obtained  theoretical  and  experimental  results 
of  the  hemispherical  helical  antenna  witli  the  optimum 
geometrical  and  radiation  characteristics  allow  to  come 
to  the  conclusion  that  the  antenna  application  is  a 
promising  one  due  to  its  wide-band  and  elliptical  po¬ 
larization  features.  All  of  these  allow  to  improve  energy 
possibilities  of  communication  channel. 
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ABSTRACT 

A  research  of  the  radiation  quality  of  a  fiat  Ar¬ 
chimedean  spiral  antenna  was  carried  out.  The  estima¬ 
tion  of  the  radiation  quality  is  made  on  the  basis  of  the 
research  of  radiation  complex  impedance  of  the  an¬ 
tenna  calculated  by  the  induced  EMF  method.  The 
results  of  numerical  modeling  in  a  wide  range  of  the 
radiator's  design  parameters  are  represented. 

INTRODUCTION 

The  flat  spiral  radiating  antennas  [1]  find  wide  appli¬ 
cation  in  the  satellite  radio  communication  systems 
because  of  their  capability  to  fonn  a  radiation  field  of 
necessary  polarization  nature  both  in  an  axial  direction 
and  in  a  wide  sector  of  comers,  namely  the  electromag¬ 
netic  field  with  the  polarization  close  to  the  circular. 
All  this  raises  stability  and  noise  immunity  of  tlie  radio 
communication  channel.  The  mentioned  radiators  in 
service  bands  for  the  satellite  radio  communication 
systems  are  compact,  that  also  allows  to  install  them  at 
the  mobile  objects. 


P(cDo) 

where  coq  is  the  resonance  frequency;  /’(cog)  is  the 
active  power,  radiated  by  the  antemia; 
(lT((»o))  =  (lFg((Bo)-i-)T,„((Bo))  is  the  averaged  power 

value  of  tlie  electrical  and  magnetic  fields,  that  is  char¬ 
acterized  by  the  "stored"  power  nearby  the  antenna.  It  is 
difficult  to  calculate  by  the  expression  (1)  because 
of  the  complicated  nature  of  the  field.  However,  at  the 
same  time  this  is  possible  in  a  theoretical  way,  namely 
by  such  a  characteristic  of  the  antenna,  as  its  radiation 
impedance.  Resistance  and  reactance  of  the  radiation 
impedance  are  proportional  to  the  appropriate  radiators 
power  created  by  the  antenna 

=  A£((a)  +  72f2;((B) . 

On  the  basis  of  the  above  mentioned,  the  approximate 
expression  for  calculation  of  the  radiation  quality  of  the 
wire  antennas  was  obtained 

^^~2Ry(a)'  da 

''  <i3=mA 


A  lot  of  investigations  are  devoted  to  the  flat  spiral 
antennas  including  the  flat  Archimedean  spiral  anten¬ 
nas  [r)-|3].  For  example,  a  monofilar  spiral  antenna  is 
offered  in  (2],  which  distinguishes  by  compactness  and 
relative  design  simplicity  of  feed  system.  Because  of 
skew  geometiy'  it  has  tilted  beam  with  respect  to  the 
axial  direction  that  makes  its  directional  characteristics 
worse.  The  marked  lack  is  eliminated  by  twofilar  vari¬ 
ant  of  the  spiral  antenna  described  in  [3].  However, 
both  in  [2]  and  in  [3]  there  are  no  necessaiy'  dependen¬ 
cies  allowing  to  optimize  geometrical  parameters  of  the 
investigated  Archimedean  antennas. 

However,  one  of  the  important  characteristics  defining 
the  antenna  as  a  radiator  (receiver)  of  electromagnetic 
power  is  radiation  quality  ,  which  also  characterizes 
band  properties  of  the  wire  antennas.  Therefore  the 
consideration  of  a  problem  about  potential  band  and 
power  properties  of  the  antenna  is  reduced  to  the  re¬ 
search  of  Qy  and  definition  of  its  minimum  values. 

THE  BASIC  PART 

According  to  [1],  the  radiation  quality  of  the  antenna 
can  be  presented  as 


kp  dX^jk) 
“  2R^(k)  dk 

where  k  is  the  wave  number. 


Thus,  to  determine  the  radiation  quality  it  is  neces¬ 
sary  to  investigate  the  frequency  properties  of  the  an¬ 
tenna,  wliich  is  the  more  complicated  the  less  its  elec¬ 
trical  sizes  and  the  more  complex  geometry.  The 
definition  of  antenna  radiation  impedance  of  the  is 
a  complex  electrodynamic  problem.  To  detennine  it  we 
take  advantage  of  the  induced  EMF  method  [2],  For 
this  purpose  generally  we  single  out  on  an  axis  of  a 
curvilinear  conductor  with  a  current  element  ds'  and 
calculate  a  tangential  component  of  a  vector  of  the 
electrical  field  density  in  the  specified  point  of  the  con¬ 
ductor  s  . 


(s)  =  J l(s')  ■  exp(-yM)  •  G(R)  ■  ds' ,  (3) 


where  G{s)  =  6' 


+  30 


kR^  R^ 


■cos^(ds,ds')  + 


“4  +  ”4  4  1  ’  ’ 

kR^  R^  R 
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L  is  the  length  of  a  conductor;  R  is  the  distance  be¬ 
tween  the  points  of  arrangement  and  integration  of  the 
elements  on  the  surface  of  the  antenna’s  radiating  con¬ 
ductor;  and  ds,  ds'  are  the  unit  vectors  of  the  line  tan¬ 
gent  to  these  points;  I {s’)  is  the  distribution  of  a  cur¬ 
rent  along  the  specified  surface. 


And  furtlier,  according  to  the  induced  EMF  method,  let 
us  write  down  the  expressions  for  and 


Rz 


=  Re 


vVoi 


{s)-Etg{s)-ds 

j 


(4a) 


Iid 


hh  i 


(s)-E,g(s)-ds 


(4b) 


where  Iq  is  the  amplitude  of  the  current;  *  is  the  sym¬ 
bol  denoting  complex  conjugate  value. 

After  the  concrete  definition  of  the  radiating  conduc¬ 
tor's  shape,  namely  by  means  of  its  representation  as  an 
Archimedean  spiral  which  is  described  in  polar  coordi¬ 
nates  by  the  following  equation 

p(a)  =  a-a, 


where  a  is  the  geometrical  parameter  characterizing  a 
lead  of  a  spiral;  a  is  the  polar  angle  varying  in  limits 
a  =  0...27rn;  n  is  the  number  of  spiral's  turns,  the 
following  expressions  are  derived: 

ds  =  a-Ja^  +1  ■  da  ; 


s(a)  =  j ds  - —[a-J a^  +1  +ln(a  +'\/a^  +1)] ; 


i  =  -^(a)U 


2nn 


sina  +  acosa  sina'  +  a'cosa' 

ds,cE  =arctg - arctg - 

cosa-asina  cos  a' -a’ sin  a' 

R{a, a')  =  a-^a^  +a'^  +2ota'cos(a-a')  +  r^  ; 

r  is  the  radius  of  the  antenna's  radiating  conductor. 


THE  RESULTS  OF  RESEARCH 
AND  CONCLUSION 

On  the  basis  of  the  derived  ratios  the  numerical  calcu¬ 
lation  of  tlie  radiation  quality  of  tlie  flat  Archimedean 
spiral  antenna  in  a  wide  range  of  the  antenna's  design 
parameters  are  made.  It  is  supposed  that  the  distribu¬ 
tion  of  a  current  along  the  "active"  area  corresponds  to 
the  form  [1] 

/(s)  =  s-/q  exp(-;fo) 


The  integration  of  (3)  and  (4),  and  also  differentition  of 
(2)  are  made  by  numerical  methods  by  the  help  of  the 
package  MathCAD  7.0  Professional. 

The  estimation  results  of  the  minimum  value  of  the 
radiation  quality  and  definition  of  them  on  tlie  basis  of 
optimal  geometrical  parameters  of  the  radiator  as  the 
Archimedean  spiral  fully  agree  with  the  results  in  [1], 
Some  results  determining  the  ratio  of  the  optimum 
geometrical  parameters  of  the  radiating  antenna  as  the 
Archimedean  spiral,  calculated  on  the  criterion  of 
minimum  radiation  quality  are  shown  in  table  1,  where 
Xq  is  the  element  resonant  length  of  the  wave. 


Table  1 


n  ,  turns 

^Opt 

2.00 

0.0225  ko 

2.25 

0.01807,0 

2.50 

0.0167  ko 

2.75 

0.0145^0 

3.00 

0.0134  7-0 

4.00 

0.0094  Xq 

The  obtained  results  in  tlie  first  approximation  have 

been  used  during  the  experimental  breadboarding  of 

antennas,  as  the  Archimedean  spiral. 
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There  are  tw'O  main  requirements  during  antennas 
system  researches  and  development  -  maximum  adapt¬ 
ability  to  manufacture  (for  minimal  cost)  and  required 
values  of  electrical  parameters.  There  are  contradic¬ 
tions  between  these  requirements,  therefore  it  is  neces¬ 
sary  to  find  acceptable  technical  solution.  Thus  it  is 
necessary'  to  prefer  the  completely  defined  characteris¬ 
tics  depending  on  area  of  application,  prospective  con¬ 
sumers  etc.  For  many  practical  tasks  the  modifications 
of  the  antennas  system  with  a  comer  reflector  will  be 
optimal. 

In  the  articles  devoted  to  this  problem  [1-4],  it  is  of¬ 
fered  to  use  the  half-wave  vibrator  as  a  feed  for  the 
corner  reflector.  The  vibrator  is  necessary  to  install  in  a 
parallel  way  to  an  edge  of  a  reflector.  Changing  a  posi¬ 
tion  of  the  vibrator  in  a  bisectrix  plane  of  a  reflector 
and  aperture  angle  of  the  reflector,  it  is  possible  to 
change  the  electrical  characteristics  antennas  in  a  FI- 
plane  over  a  wide  range.  To  change  patterns  in  a  E- 
plane  it  is  necessary  to  increase  the  linear  size  of  the 
aperture  feed.  It  can  be  made  by  several  ways. 

The  first:  As  the  feed  it  is  possible  to  use  the  linear 
phased  antennas  array.  Thus  the  circuit  of  antenna 
power  supply  should  be  additionally  realized.  As  a 
result  the  shadowing  of  the  aperture  increases  (the 
efficiency  is  worsened)  and  the  adaptability  to  manu¬ 
facture  is  reduced. 

A.  I.  Shalyakin  offers  another  way  [5].  He  offers  not  to 
install  the  complex  multidipole  antenna  as  a  feed,  but 
simply  to  extend  the  symmetric  vibrator.  To  preserve 
the  co-phase  field  in  antenna  aperture,  it  is  necessary  to 
remove  phase  jump  of  originating  in  consequence  tran¬ 
sition  through  current  nodes  on  the  symmetric  vibrator. 
Therefore  it  is  necessary  to  change  a  corner  reflector 
aperture  angle.  Such  way  gives  the  good  electrical 
characteristics.  However  the  necessity  to  manufacture 
reflector  with  several  angles  reflector  aperture  angle 
worsens  it  adaptability  to  manufacture. 

In  this  article  using  the  Franklin  antenna  (FA)  (see  Fig. 
1)  as  a  feed  is  offered.  It  consists  of  linear  dipole  array 
(1),  connected  through  phase-specified  loops  (2).  The 
antenna  has  one  driving  point  (3).  It's  advantage  is  the 
simple  matching  and  good  repeatability  with  planar 
fulfillment.  The  loops  for  volumetric  FA  can  be  made 
as  units  of  a  constmetion  for  the  mount  of  a  feed  in  the 
aperture  comer  reflector.  Besides  using  FA  flie  distri¬ 
bution  of  electromagnetic  energy  on  equivalent  linear 


aperture  automatically  is  falling  down  to  edges.  The 
latter  additionally  reduces  the  sidelobe  levels  in  E-plane 
(that  can  be  very  useful  in  some  cases). 


For  experimental  check  tire  sample  of  comer  antermas 
was  made.  The  comer  reflector  was  made  as  a  con¬ 
stmetion,  with  fixed  aperture  comers  (45,  60,  90°).  In 
this  sample  it  is  possible  to  change  feed  position  in 
bisectrix  plane.  The  feeds  (half-wave  dipole  and  tliree- 
element  Franklin  antenna)  were  made  by  a  printed  way 
and  are  matched  with  a  measuring  path  with  the 
matched  and  quarter-wave-closed  stub. 

During  testing  experimental  sample  the  following 
characteristics  were  measured;  radiation  pattern  in  E- 
and  H-planes,  gain  with  various  values  of  a  corner 
reflector,  its  geometrical  sizes,  location  of  a  feed  in  a 
plane  of  a  bisectrix  of  the  comer  reflector.  In  Fig.  2  a,b 
radiation  pattern  in  a  E-plane  for  CRA  with  FA  as  the 
feed  (curve  1)  and  with  ?l/2  dipole  as  the  feed  (curve  2) 
are  represented.  The  measurements  were  made  for  fixed 
frequency  1530  MHz.  The  radiation  pattern  measuring 
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was  executed  according  to  a  technique  [1],  The  gain 
was  measured  by  a  method  of  substitution.  As  a  sample 
the  measuring  aerial  of  116-23  type  was  used.  In  Fig.  3 
dependencies  of  CRA  gain  with  the  FA  feed  (curve  1) 
and  7J2  dipoles  (curve  2)  as  the  function  breadth  of 
fiasher  side  R,  for  an  aperture  angle  a  =  nB  are  given. 
From  these  results  it  is  clear,  that  the  application  of  FA 
as  a  feed  is  resulted  in  decreasing  radiation  pattern 
width  at  -3  dB  level  in  E-plane  on  ~  15°  and  increasing 
antenna  gain  on  -  2^3  dE.  Thus  a  level  of  the  nearest 
side  lobes  in  a  E-plane  is  equal  to  -17  dB.  The  radiation 
pattern  performances  in  a  H-plane  during  changing  'k!2 
dipoles  on  FA  practically  is  not  varied. 


Gain,  dB 


the  losses  in  it  define  antennas  efficiency,  and  its  gain 
correspondingly. 

The  FA  used  as  tlie  feed  for  CRA  allows  to  increase 
gain  by  2-f3  dB  without  noticeable  increasing  of  sys¬ 
tem's  cost. 
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Fig.  3 


Applying  FA  as  the  feed  for  CRA  it  is  necessary  to 
know  it's  optimal  position.  This  is  necessary  to  obtain 
the  maximum  gain.  In  [4]  the  results  of  experimental 
researches  of  this  problem  for  %.I2  dipoles  are  given.  On 
the  basis  of  theoretical  researches  done  for  XI2  dipole 
and  FA  the  assumption  of  coincidence  of  optimal 
standings  of  a  feed  in  both  cases  was  made.  To  check 
this  assumption  when  measuring  gain  of  CRA  the  op¬ 
timal  position  of  a  feed  in  bisectrix  plane,  (distance  Sopt 
from  top  of  a  comer  reflector  up  to  a  feed  under  condi¬ 
tion  of  maximum  gain)  was  detennined.  It  has  been 
determined,  tliat  Sopt  depends  on  a  reflector  aperture 
angle,  but  practically  does  not  depend  neither  on  width 
of  mirror  facets  (in  a  measurement  range  R  from  6X  to 
IX)  nor  on  a  type  of  the  feed.  The  values  Sopt  are  given 
in  table  1. 


Table  1 


Corner  of 
aperture 
a,° 

SoDt^X 

Dipole 

Franklin  antenna 

45° 

0.8 

0.9 

O 

o 

0.7 

0.75 

90° 

0.5 

0.5 

It  is  necessary  to  note,  under  manufacturing  the  feed 
substrate  material  influences  strongly  to  power  radia¬ 
tion  characteristics.  It  occurs  because  it  lays  in  area  of 
concentration  of  an  electromagnetic  field  and  therefore 
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ABSTRACT 

The  results  of  designing  at  an  electrodynamics  level  of 
the  case  flat  two-port  antenna  of  a  circular  polarization 
for  satellite  communication  system  in  4/6  GHz  band 
with  the  sizes  280x130  mm^  and  with  printed  emitters 
(9  for  receiving  and  18  for  transmitting)  are  presented. 
The  antenna  has  a  dielectric  plate  with  emitters,  metal 
plate  with  rectangular  slots,  layer  of  air  strip  lines  and 
two  face  coa.xial  inputs  on  the  bottom  metal  plate.  The 
general  antenna  thickness  is  26  mm.  The  antenna  has 
the  -13  dB  first  sidelobes  of  a  radiation  pattern,  ellip- 
ticity  factor  ~  0.8  and  VSWR  <  1.7.  The  antenna 
analysis  was  made  in  a  time  domain  without  decompo¬ 
sition  on  the  basis  of  the  stream  grid  technique. 

INTRODUCTION 

The  design  variant  of  small-sized  two-port  flat  anten¬ 
nas  of  a  linear  polarization  of  a  Ku-band  for  satellite 
communication  systems  was  considered  in  [1]  (Fig.  la). 
Two  alternating  systems  of  parallel  waveguides  were 
used  in  the  antenna:  rectangular  ones  with  dumb-bell 
cross  slots  and  Il-figurative  with  longitudinal  slots.  The 
co-phase  excitation  of  all  cross  slots  on  receiving  fre¬ 
quencies  (11.7-^12.2  GHz)  and  of  all  longitudinal  slots 
on  transmitting  frequencies  (14.0-^14.5  GHz)  and  low 
level  of  far  sidelobes  of  the  antenna  radiation  pattern 
were  achieved  by  the  choice  of  the  geometrical  sizes  of 
waveguides  (n2/’2;  01^1^2)  and  of  exciting  elements  of 
slots  (Fig,  lb,c).  The  general  thickness  of  the  two-layer 
flat  antenna  is  34  mm  in  view  of  introduction  of  a  layer 
of  exciting  waveguides  (Fig.  2a,  b,  c)  in  the  antenna. 
That  admits  allocation  of  the  developing  twice  antenna 
with  an  aperture  600x600  mm^  in  the  case  [1]. 


The  antenna  thickness  increases  in  2-7-3  times  [2]  with 
construction  of  the  similar  antenna  in  a  C-band  (re¬ 
ceiving  4  GHz,  transmitting  6  GHz)  on  the  basis  of 
waveguides  Fig.  2a  that  excludes  its  use  in  a  case  vari¬ 
ant.  Various  partition  strip  systems  exciting  patches 
through  strip  electrodes  in  which  the  orthogonal  oscil¬ 
lations  shifted  on  90°  use  frequently  instead  of 
w'aveguides  for  decreasing  the  anteima  thickness  [3]. 
The  printed  strip  systems  bring  in  significant  losses 
(decrease  of  the  antenna  gain  G)  and  noise  temperature 
of  the  receiver  T.  The  technology  of  printed  antennas  is 
also  undesirable  on  ecological  reasons.  Taking  this  into 
account,  strip  lines  of  high  Q-factor  with  a  vertically 
guided  flat  central  electrode  were  used  in  the  investi¬ 
gated  flat  antenna  instead  of  printed  strip  partition 
systems. 
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ANTENNA  DESIGN 

The  structure  of  three  metal  layers  of  tlie  flat  antenna  is 
shown  in  Fig.  3.  The  view  on  the  antenna  with  the 
removed  top  metal  plate  2  with  slot-hole  coupling  ele¬ 
ments  (Fig.  2c)  is  shown  in  Fig.  3a.  In  a  plate  1  there 
are  two  systems  of  grooves  in  which  the  central  elec¬ 
trodes  3  ajid  4  of  strip  lines  with  high  Q-factor  (Fig.  3e) 
are  located.  The  lines  have  the  sizes:  /;  =  8  mm,  H  =  12 
mm,  t  =  l  mm,  m  =  2  mm,  «  =  10  mm.  The  rectangular 
slots  in  a  plate  2  (Fig.  3c)  are  guided  across  strip  lines 
and  are  located  above  areas  5  and  6,  where  electrode 
widtli  of  lines  is  increased. 


lilililiyffl 


2-  21.  40.  S*.  ?J.  gr.  116.  ns.  15 


notw  Cx 


f=3.57Gh2 


QWViuftMO  nofW  Hu 


8B&III 


SBZE 


The  slot  sizes  {q  =  18  mm,  p  =  14  mm,  r  =  6  mm)  are 
chosen  various  for  transmitting  {qxr)  and  receiving 
(pxr).  The  electrodes  of  lines  of  the  transmitting  chan¬ 
nel  3  are  bent  so  that  distances  between  thickenings  6 
were  equal  to  Xf,  (fh=  6  GHz).  Similarly  the  distance 
between  thickenings  5  of  the  receiving  channel  are 
equal  X;  (/,=  3.57  GHz).  The  electrodes  of  all  three 
lines  of  the  transmitting  channel  are  united  in  point  B, 
to  which  the  electrode  with  a  coaxial  socket  located  on 
an  external  surface  of  a  plate  1  is  connected.  All  elec¬ 
trodes  of  lines  of  the  receiving  channel  are  united 
similarly  in  point  H.  The  dielectric  plate  (p  =  8  mm, 
r  =  2  mm,  e  =  2.5,  Fig.  3d),  on  which  bottom  side  patch 
emitters  8  are  placed,  lays  above  a  plate  2  with  rectan¬ 
gular  slots  (Fig.  3c).  The  geometrical  allocation  of  the 
receiving  cltannel  patches  (9  patches)  and  of  transmitting 
channel  (18  patches)  on  plate  7  is  shown  in  a  Fig.  3f 


10.  m  so.  70.  so. 


10.  30.  so  70.  00. 
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ANTENNA  PARAMETERS 

The  electrodynamic  analysis  of  the  antenna  was  carried 
out  in  a  time  domain  without  decomposition  on  the 
basis  of  a  stream  grid  technique  [4],  Parameters  of 
separate  radiating  elements  of  the  antenna  in  structure 
of  a  line  Fig.  3e,  of  rectangular  slot  (9  in  Fig.  3c)  and 
patch  emitter  (10  in  Fig.  3f)  were  previously  investi¬ 
gated  for  receiving  and  transmitting  bands.  Strips  with 
three  (for  receiving)  and  six  (for  transmitting)  patch 
emitters  further  were  investigated.  Then  the  antenna 
with  three  strips  separately  for  receiving  and  transmit¬ 
ting  was  investigated  and  the  circular  polarization 
radiation  mode  (left  for  transmitting  and  right  for  re¬ 
ceiving)  was  achieved.  With  the  analysis  of  the  whole 
antenna  Fig.  3a  some  correction  of  the  patch  sizes  of 
receiving  and  transmitting  channels  was  required,  tlrat 
was  caused  by  interaction  between  patches  of  two 
channels  (Fig.  31).  It  was  required  to  increase  the  elec¬ 
trical  length  of  electrodes  of  strip  lines  (lines  of  the  top 
and  bottom  strip)  connected  to  the  electrode  B  to  pro¬ 
vide  a  co-phase  excitation  of  three  strips  of  the  trans¬ 
mitting  channel.  It  was  done  introducing  capacitor 
expansions  11  of  electrodes  of  lines  Fig.  3a. 


Fig.  8 


Small  VSWR  values  for  receiving  and  transmitting 
channels  was  achieved  by  adjustment  of  expansions  6 
and  5,  allocation  of  rectangular  slots  9  and  12,  and 
patches  13  and  10  (Fig.  3).  For  receiving  and  transmit¬ 
ting  frequencies  3.57  and  6.0  GHz  VSWR  equal  to  1.5 
and  1.7  were  achieved.  The  phase  (Fig.  4a)  and  ampli¬ 


tude  (Fig.  4  b,  c)  distribution  of  fields  Ex  and  Ey  along 
a.xis  Y  on  section  M-M  for  receiving  frequency  3.57 
GHz  is  shown  in  Fig.  4.  The  distribution  of  Ex,  Ey,  Hx 
and  Hy  fields  intensity  over  tlie  whole  antenna  surface 
for  the  same  frequency  is  shown  in  Fig.  6.  The  intensity 
and  phase  distribution  of  fields  E^,  Ey,  Hx  and  Hy  over 
antenna  surface  was  further  used  to  calculate  the  an¬ 
tenna  radiation  pattern  in  far  zone  (Fig.  7,8)  for  two 
orthogonal  fields  Ex  and  Ey  of  circularly  polarized 
wave.  It  is  possible  to  make  a  conclusion  about  the 
rather  high  (-0.8)  antenna  ellipticity  factor  considering 
the  insignificant  difference  of  amplitudes  of  fields  Ex 
and  Ey  for  a  maximum  of  radiation  pattern  (0  =  0)  and 
phase  difference  between  fields  Ex  and  Ey  (Fig.  4a, 5) 
which  is  more  than  70°.  The  first  sidelobes  of  a  radia¬ 
tion  pattern  are  -13  dB  and  less;  tlie  far  sidelobes  are 
monotonously  reducing  with  increasing  of  a  comer  6. 
To  achieve  this  for  distance  between  patches  in  strips 
equal  to  a  wavelength  X,  the  next  strips  along  axis  Y 
are  displaced  on  XU.  In  result  the  effective  distance 

between  patches  decreases  up  to  xj^Jl ,  that  eliminates 

increasing  of  radiation  pattern  sidelobes  for  comers  6  « 
±90°. 

RESUME 

The  topological  symthesis  carried  out  at  an  electrody¬ 
namics  level  has  shown  an  creation  opportunity  of  flat 
thin  (thickness  26  mm)  two-port  circular  polarization 
antennas  of  C-band  with  allocation  of  receiving  and 
transmitting  channels  patch  emitters  on  one  aperture 
and  by  contactless  excitation  of  patches  by  two  not 
crossed  systems  of  metal  strip  lines  with  high  Q-factor. 
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Abstract:  The  theoretical  and  experimental  investiga¬ 
tions  of  two  arm  conical  helical  antennas  are  presented. 
Analysis  of  the  antenna  radiation  features  has  been 
carried  out  in  dependence  on  various  methods  of  the 
helix  excitation. 

INTRODUCTION 

Inconstancy  of  electromagnetic  field  polarization  in  a 
point  of  reception  is  the  main  nature  of  the  most  radio 
communication  channels  due  to  complicated  nature  of 
underlying  surface.  All  that  leads  to  use  of  antennas 
operating  with  signals  of  various  polarization  features. 

In  [1],  [2]  the  possibility  of  polarization  control  in 
helical  antennas  with  opposite  turning  was  substanti¬ 
ated.  However  for  more  simple  conical  designs  with 
one  direction  turning  the  problems  of  radiation  charac¬ 
teristics  in  dependence  on  helix  wires  excitation  have 
been  not  enough  examined.  So  the  problem  is  the  pre¬ 
sented  paper’s  goal. 

PROBLEM  FORMULATION 

As  well  known  for  helical  antennas  with  one  direc¬ 
tional  turning  the  polarization  vector  rotation  direction 
(PVRD)  is  defined  by  direction  of  the  helix  turning. 
Therefore  in  order  to  change  PVRD  it  is  necessary  to 
vary  e.\citation  points  of  helix  arms. 


Fig.  1.  The  conical  helical  antenna 


Therefore,  multiparameter  analysis  of  direction  and 
polarization's  features  for  two-ann  conical  helical  an- 
terma  with  one  direction  turning  was  carried  out.  The 
examined  antenna  represents  infinite  thin  ideally  con¬ 
ducting  tw’O-arm  conical  helix  with  cone’s  angle  6o,  the 
turning  lead  d.  The  excitation  in  the  antenna  inputs  is 
antiphase.  One  of  the  antenna  anns  in  the  rectangular 
coordinate  system  is  illustrated  in  Fig.  1.  In  order  to 
calculate  the  anteima  radiation  field  we  used  the  vector 
potential  method  presented  in  [3], [4] 

It  was  generalized  for  conical  helical  antennas  with  the 
prescribed  geometry.  It  allowed  to  carry  out  electrody¬ 
namic  analysis  of  antenna  characteristics  in  the  rigor¬ 
ous  formulation  of  tlie  radiation  problem.  The  an¬ 
tenna’s  field  research  of  the  far-field  zone  case  was 
carried  out.  Therefore  the  expression  [3]  for  the  calcu¬ 
lation  of  the  vector  was  used 

E  =  Aq  eQ+ A(f)  Btp,  (1) 

Where  ee,  are  the  unit  vectors  of  the  spherical  coor¬ 
dinate  s>'stem;  A^,  Ae  are  the  vectors  potentional  com¬ 
ponents  in  this  system.  These  components  were  calcu¬ 
lated  taking  into  account  the  generalized  vector 
potential  for  the  helical  antetmas  with  the  set  geometry 

J  =  (Pq  /47i)  J(5)exp(/7:(xsin0coscp  + 

y  sin  0sin  (p  +  zcos  0))£?5; 

/(s)  is  the  current  distribution  helix  wire,  detennined  by 
the  expression 

I(S)-s-Iq  Qxp(-JkS)  ■  exp(-ri  •  iS) , 

Where  x  is  the  unit  vector  of  current  direction  on  the 
antenna  element,  lo  is  the  current  amplitude;  r  is  the 
distance  between  the  coordinate  system  center  and 
point  M;  ti  is  the  attenuation  coefficient  of  the  current 
amplitude,  S  is  the  helix  length  from  the  antenna  input 
to  the  element  ds. 

INVESTIGATION  RESULTS 

The  investigation  results  for  the  regular  helix  with 
various  cone’s  angle  are  represented  from  the  point  of 
view  of  the  geometrical  parameters  zones.  These  zones 
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meet  the  requirements  shown  in  Fig.  2,  w'here  N  is  the 
number  of  helix  turns. 


Fig.  2.  The  back  radiation  zones 
for  the  different  cone's  angles 


Fig.  3.  The  theoretical  patterns 
of  various  excitation  modes 


According  to  the  vector  potentional  method  the  two- 
arm  helical  antennas  were  investigated  by  the  modeling 
and  experimental  ways.  So  the  theoretical  and  experi¬ 
mental  patterns  for  the  regular  helical  antenna  illus¬ 
trated  in  Fig.  3-4,  respectively,  the  dotted  curve  is  for 
the  left-hand  polarization  with  the  following  geometri¬ 
cal  parameters;  N  =  6  measured  at  tlie  frequenc>'  equal 
to  800  MHz.  The  antiphase  excitation  are  in  the  corner 
vertex  (for  the  solid  line)  and  in  the  comer  radix  (for 
the  dotted-line).  Thus,  the  direction  characteristics  for 
tlie  different  PVRD  are  about  the  same  except  the  back 
radiation.  .Tt  can  be  eliminated  by  screen.  The  experi- 
mentai  radiation  characteristics  of  the  conical  helix 
were  investigated  for  the  two-point  excitation  in  the 
comer  vertex.  The  peculiarity  of  excitation  is  the  fact 
that  it  is  possible  to  change  axial  ratio  by  means  of  the 
amplitude  and  phase  selection  of  the  current.  Then  one 
can  to  obtain  the  impedance  and  pattern  constant  fea¬ 
tures  in  a  wide  band. 

CONCLUSION 

The  presented  theoretical  and  experimental  investiga¬ 
tions  of  two-ann  conical  helical  antennas  and  their 
excitations  allow  to  solve  the  problem  of  design  of 
antennas  systems  operating  with  different  polarization 
signals  in  a  wide  band  under  conditions  of  the  simple 
design. 
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Strong  wind  shears  in  the  lower  atmosphere  constitute 
a  major  hazard  for  modem  aeroplanes  takeoffs  and 
landings.  At  least  one  aircraft  disaster  per  year  is 
caused  by  tliis  factor.  Our  investigations  are  focused  on 
the  sodar-radio-acoustic-sounding-system  (RASS)  to  be 
developed  in  order  to  be  used  for  monitoring  low-level 
wind  shears  over  airports.  When  getting  such  an  infor¬ 
mation  air-traffic-controllers  might  assist  pilots  to 
avoid  disasters  conditioned  by  this  reason  (Fig.  1). 
With  the  developed  by  us  ground-based  sodar-RASS 
complex  all  the  weather  changes  might  be  registered 
without  using  balloons,  towers,  kites,  ets.  Penetrating 
clouds,  heavy  pollution,  snow  and  low  level  inversions, 
it  enable  one  to  obtain  temperature  and  wind  vertical 
profiles  in  real  time  as  well  as  the  space-time  turbu¬ 
lence  stmcture  reliably. 

The  concept  used  in  RASS  is  the  tracking  of  a  sound 
waves  packets  with  a  doppler  radar.  In  such  a  way  it  is 
possible  to  measure  a  sound  velociU’  in  any  direction. 
Since  a  sound  velocit>'  is  connected  with  the  air  tem¬ 
perature  and  the  wind  parameters,  tlie  latters  might  be 
measured  too.  This  system  continuously  yields  tlie 
quantitative  data  about  the  dynamics  and  the  structure 
of  wind  and  temperature  fields  in  the  lower  atmosphere 
over  a  run-way.  The  incorporated  in  the  hybrid  bistatic 
acoustic  sounding  engineering  is  applied  for  increasing 
accuracy  of  measuring  weather  data.  Using  acoustic 
impulses  for  atmosphere  sounding,  this  techniques 
detects  the  acoustic  energy  scattered  by  tlie  atmospheric 
turbulence.  [1-3] 

The  sodar-RASS  complex  deals  with  specific  periodi¬ 
cal  air  density  stmctures  formed  by  acoustic  sounding 
signals  propagating  with  a  sound  velocity.  In  this  case 
aircrafts,  birds,  conjections  of  insects  and  other  flying 
objects  can  not  cause  false  alarms  because  their  speeds 
are  much  less  than  a  sound  velocity.  Owing  to  a  size¬ 
able  radioacoustic  cross-section  (tliis  value  for  RASS  is 
four  orders  greater  than  tliat  for  the  clear  air)  the  accu¬ 
rate  values  of  the  wind  and  the  temperature  might  be 
measured  with  a  high  probability.  The  high  prompti¬ 
tude  of  the  radioacoustic  temperature  and  wind  sound¬ 
ing  at  the  runway  area  are  achieved  by  using  the  sodar 
wind  data  off  the  runway  [3]. 

This  hybrid  system  could  be  incorporated  in  an  auto¬ 
mated  airport  weather  station  providing  in  real  time 
data  from  30  m  up  to  1  km  above  runway  surface  in 
order  to  detect  dangerous  wind  shears  and  microbursts. 
Note  that  the  system  could  be  completed  with  a  radar 


wind  profiler  that  measures  at  high  altitudes  and  can 
not  provide  data  at  lower  layers,  [4-6] 

When  location  a  sodar-RASS  at  airport  it  is  essential  to 
solve  tlie  problem  of  its  interference  immunity,  as  well 
as  of  its  electromagnetic  and  acoustic  compatibility 
(EMC  and  AC)  with  airport  equipment.  In  this  paper 
we  consider  ways  of  these  problems  solution. 

In  order  to  ensure  the  frequency  isolation  of  tlie  sodar- 
RASS  antenna  sj'stem  we  have  analyzed  the  informa¬ 
tion  [7-10]  about  frequency  bands  occupied  by  aviation 
electronics.  Basing  on  the  results  of  this  analysis,  the 
aviation  frequency  scale  has  been  plotted  (Fig.  2),  and 
the  vacant  frequency  interval  for  tlie  sodar-RASS  has 
been  found  out.  As  it  can  be  seen  in  Fig.  2  it  is  from 
1215  to  1240  MHz.  The  lower  of  these  frequencies  is 
the  upper  limit  of  die  near  navigation  system  hardware 
band,  the  higher  one  is  the  bottom  limit  of  the  tracking 
radars.  In  Europe  there  are  a  few  radar-acoustic  tem¬ 
perature-wind  sounding  complexes  operating  at  fre¬ 
quencies  close  to  specified  [5,6,11].  Among  them  there 
are  French  LT-radar  «Degrean»  (1300  MHz),  Gennan 
radars  LT  and  LT-Rass  named  WTR-89  and  TST 
WTR-83  (1235  MHz)  and  Austrian  LT-radar  (1280 
MHz).  Only  Austrian  LT-radar  is  placed  directly  at 
airport  (Wienna), 

The  acoustic  noise  of  surrounding  aircfaft  engines  pres¬ 
ents  a  serious  problem  for  sodar,  when  the  latter  is 
situated  close  to  a  runway.  Fig.  3  [2]  shows  acoustic 
noise  levels  near  a  runway  at  a  wide  frequency  band 
(~15  kHz)  under  the  heavy  noise  conditions  (during 
aeroplanes  of  «Boyeing»-type  takeoff  or  landing).  As 
the  sodar  has  a  narrow  bandwidth  (~100  Hz),  the  ambi¬ 
ent  noise  power  affecting  on  the  sodar  decreases  by 
~40  dB  as  compared  with  Fig.  3.  Since  RASS  is  not 
acoustic  noise  sensitive,  only  aeroplanes  crossing  the 
sounding  volume  and  breaking  down  the  acoustic 
packet  can  be  clutter  sources.  Such  a  clutter  is  missed 
when  correcting  placing  the  system  at  the  airfield. 

In  solving  the  compatibility  problem  the  anterma  spa¬ 
tial  isolation  from  extraneous  radiations  is  important. 
Under  airport  area  conditions  characterized  by  radio 
hardware  saturation  it  is  not  possible  to  move  the  so¬ 
dar-RASS  antenna  system  sufficiently  far  for  isolation. 
The  received  power  Paj  in  the  input  of  the  EM  antenna 
might  be  present  as  follows: 


Proceedings  of  the  3rd  International  Conference  on  Antenna  Theorj’  and  Techniques,  Sevastopil,  Ukraine,  8-11  Sept.  1999 


356 


^ni  1  23456789 

till 


RASStSOD AR  SfMSIHG  DATA |  Wind 


20.40 


Time  (locaf;,  hrs 


21.20 


Fig.  1 


Distance  from  the  end  of  a  runway,  km 


Fig.  3 


PaZ  =  Pa  +  APa; 

Pa  =  n  f  P.'<rC?i.^)F(B,cp)dCV  {F(Q.q>)dQ.; 

Qr  Clr 

APa  =  r\  J  Pi,(B.(f)F(&.^>)dQ/  jF(^,if)dn. 

47t-Qr  4n-Qr 


where  Pa  is  an  echo  signal  power,  APa  is  a  sidelobe 
power  associated  with  extaneous  jamming  Pb  (9,(p), 
is  a  scattering  pattern  of  an  air  perturbated 
volume,  F(S,(p)  is  a  directional  pattern  of  the  receiving 
antenna,  r|  is  an  antenna  efficiency,  Q-r  is  an  angle  of 
perturbated  volume  vision  from  the  antenna. 

In  order  that  the  useful  signal  can  be  discerned  against 
the  ambient  background  tlrat  is  Pa  »  APa,  in  the  di- 
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rectional  pattern  of  the  receiNang  antenna  the  side  and 
back  lobes  should  be  of  a  low  level  and  the  main  lobe 
should  intercept  tlie  angle  of  perturbated  volume  vision 
(&a  <  Qr)-  The  same  requirements  are  imposed  on  the 
radiation  pattern  in  order  to  provide  Uie  radio  antenna 
efficiency  and  to  reduce  a  level  of  the  electromagnetic 
effect  on  the  extraneous  hardware.  The  requirements 
for  the  half-power  beamwidth  and  for  side  and  back 
lobes  reduction  of  the  RASS  acoustic  source  follow 
from  this. 

Often  the  same  means  for  creation  the  directional  ra¬ 
diation  are  used  in  EM  and  acoustic  antennas.  There 
are  horns  and  reflectors.  As  for  these  means,  the  origin 
causes  of  side  and  back  lobes  are  identical.  These 
causes  are  a  diffraction  on  the  aperture  edge  and  a 
streaking  of  currents  on  a  shadow  side  of  antenna.  In 
Acoustics  the  streaking  «currents»  are  acoustic  oscilla¬ 
tions  of  the  external  panelling  of  the  antenna  and  its 
edge  c.xciting  acoustic  waves  in  the  ambient  space. 

In  order  to  decrease  side  and  back  lobes  in  directional 
radio-acoustic  antennas,  means  reducing  an  illumina¬ 
tion  level  on  the  edge  and  (or)  scattering  the  diffraction 
wave  are  used.  There  are  the  selection  of  a  reflector 
feed  with  a  qualified  radiation  pattern,  the  use  of  ab¬ 
sorber-lined  tunnels  (blends),  tlie  profile  deformation  of 
the  honi  or  the  blend  (spaced  as  a  broken  line  inscribed 
into  an  exponential  curve)  and  working  surfaces  coat¬ 
ing  with  material  absorbing  radio-  or  (and)  acoustic 
waves.  It  is  very  productive  to  use  the  reachings  in  the 
side  lobe  suppression  of  radio  antennas  for  acoustic 
directional  radiators  and  on  the  contrary.  On  these 
grounds  papers  [12-16]  are  very  useful. 

When  disposing  sodar-RASS  complex  at  an  airport  it 
is  necessary  to  provide  a  low  level  of  the  radiation  and 
tlie  reception  for  acoustic  and  radio  channels  at  all  the 
directions  near  the  earth  surface  around  the  antenna 
assembly  in  order  to  avoid  interactions  between  the 
ground-based  equipment  with  a  surface-guided  wave. 
For  this  a  screening  fence  is  installed  around  the  an¬ 
tenna  assembly  [17,  18].  The  action  of  the  fence  should 
not  depend  on  a  direction  and  polarization  of  the 
acoustic  and  radio  waves.  When  antenna  scanning  the 
fence  should  decrease  side  lobes  the  most  close  to  tlie 
earth  surface  from  the  first  lobe  to  the  greatest  possible 
extent. 
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Tlic  optimization  principle  of  polyhedral  array  radiator 
number  and  geometrical  sizes  of  pyramid  at  a  given 
gain  on  a  scan  sector  boundarj'  are  considered  in  [1,  2]. 
This  gain  loss  estimation  is  approximated  because  tlie 
diffraction  effects  on  the  object  -  carrier  and  mutual 
coupling  of  radiators  arc  not  taken  into  account  [3], 
Besides,  the  results  [2]  concern  to  the  object-carrier  as  a 
regular  tnmeated  pjramid. 

In  the  report  the  polyhedral  antenna  array  (Fig,  1,  a)  is 
considered.  It  comprises  a  main  subarray  on  an  upper 
side  (roof  of  the  mobile  object)  and  one  or  several  addi¬ 
tional  subarray  located  on  inclined  sides.  The  following 
problems  are  considered: 

•  the  main  moments  of  the  electrodynamics  analysis 
of  polyhedral  antenna  array,  encompassing  by  to 
mathematical  model  development  and  realization 
of  computing  experiment  arc  represented; 

•  the  problems  of  the  radiator  matching  are  consid¬ 
ered  at  wide-angle  scanning  (as  radiators  the  sym¬ 
metrical  dipoles  are  selected); 


object-carrier.  The  object  is  represented  by  the  cylinder 
of  a  trapezoidal  cross-section.  Each  of  dipoles  has 
length  2/  and  is  placed  at  the  altitude  h  above  the 
screen.  The  dipoles  identical  to  substantial  dipoles  are 
utilised  as  auxiliary  sources. 

The  system  of  the  linear  algebraic  equations  for  defini¬ 
tion  of  complex  amplitudes  of  dipole  currents,  as  well 
as  in  [5],  is  represented  in  a  matrix  form 

\Z\\I)  =  \U)  (1) 

w'here  [Z]  is  a  square  matrix,  whose  elements  are  mu¬ 
tual  coupling  coefficients  between  hannonics  of  dipole 
currents;  |/^  is  matrix-column  composed  from  com¬ 
plex  amplitudes  of  the  dipole  current  harmonics;  |f/^) 

is  a  matrix-column  composed  from  voltages  of  exciting 
sources.  The  coefficient  of  [Z]-  matrix  (mutual  coupling 
resistance)  between  w-th  and  m'  -th  current  harmonics 
of  dipoles  with  numbers  n  and  «' ,  is  defined  as 


-l-l 

\l/m(x)  is  the  current  harmonics  with  number  1,  2,  3: 

7DC  JtX- 

y/^  (x)  =  cos  — ;  If/ 2  (^)  =  1  -  sin  ;  if/^  (x)  =  sm — ; 


is  the  field  strength  of  an  auxiliaiy  source; 


El\,  =  ■ 


G„y  +  i:D:G„^  (3) 

V  =  1 


^  exp(-/7:/-„„-)  ,  ,  expi-ikp„„0 

G„,n‘  = - +  k, - - - 

^tm'  Pnn' 


Fig.  1 

In  mathematical  model  of  the  dipole  array  the  object- 
carrier  is  approximated  by  convex  polyhedron.  The 
solution  is  obtained  by  an  auxiliary  sources  method. 
The  numerical  research  results  [3,  4]  for  a  dipole  array 
located  on  one  of  side  walls  of  the  mobile  object-carrier 
are  presented.  For  simplification  of  solution  the  two- 
dimensional  model  (Fig.  1,  b)  is  used.  It  is  accepted, 
that  the  identical  dipoles  of  antenna  array  are  rather 
thin  cylindrical,  surface  of  the  object-carrier  is  perfectly- 
conducting.  The  ground  is  the  homogeneous  dielectric 
medium.  The  linear  dipole  array  with  step  xO  and  di¬ 
pole  number  N  is  located  on  upper  and  side  walls  of 


Q  _  exp(-/A-r„J  ^  Qxp{-ikp„^)  ^ 

^nv  Pnv 

kg  is  a  coefficient  (Fresnel’s)  of  reflection  of  a  nor¬ 
mally  polarized  plane  wave,  whose  angle  of  incidence 
is  Poi  ^  ^  2%IX,  k  is  a  wave  length;  r„„’(p„„’)  and 
rm(Pnv)  are  distances  between  the  auxiliary  dipole  (its 
mirror  image)  located  on  n'  -th  dipole  and  actual  (mir¬ 
ror  image)  dipole  witli  number  n,  or  actual  (mirror 
image)  auxiliary  dipole  with  number  v,  accordingly; 
by  is  a  complex  amplitude  of  an  auxiliary  source  with 
number  v. 
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The  field-strength  pattern  of  the  dipole  array  is  defined 
by  expression 

M 

{[exp(/fe„  COS0)  + 

n=lm=l 

+  k^  exp(-ikz„  cos9)])x 
xexp[/A:sin0(xo„cosfp  +  >^„  sin(p)  + 

+  ^Z)”  [ex^pC/fev COS0)  +  exp(-/fev cosO)!x 

V  =  1 

xexp[/Z:sin9(Xy  coscp-t-/y  sin(p)]}x 
I 

X  J  exp(/fcrsin9coS(p)\|/„,  ix)dx ,  (6) 

-I 

where  x„,y„,z„-,x^,y^,z,.  are  coordinate  of  center  «-th 
dipole  (v-th  auxiliary  source). 

Some  calculating  results  for  the  dipole  array  with  num¬ 
ber  of  dipoles  N£=12+N,  (Ni  is  a  number  of  dipoles  on 
a  side  wall)  are  shown  in  Fig.  2.  The  dotted  curve  cor¬ 
responds  to  Ns-  12,  curve  1  to  Ns=^  14,  curve  2  to  N£= 
16,  curv'C  3  to  7V2-=  18  for  the  directivity  D,  the  pattern 
width  200.5,  0ie  efficienc)'  r|  and  the  gain  G.  Step  be¬ 
tween  dipoles  is  selected  xo  =  0.552-,  length  /  of  the 
dipole  arm  and  altitude  h  are  chosen  0.25?^,  a  maxi¬ 
mum  angle  of  scan  sector  0a  =  70®. 


Fig.  2 


The  latter  is  produced  with  the  help  of  matching  de¬ 
vices,  each  of  which  includes  the  transformer  and  re¬ 
actance.  In  Fig.  3  tire  dependencies  for  efficiency  and 
gain  of  matched  array  (0oc  =  50°)  are  shown.  The  de¬ 
notation  of  curves  corresponds  to  used  in  Fig.  2. 

The  evaluation  technique  for  estimation  of  scattering 
characteristics  polyhedral  antenna  array  is  considered 
in  the  report. 
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The  possibility  of  the  dipole  matching  for  a  definite 
position  00  =  00c  of  a  pattern  maximum  is  considered. 
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INTRODUCTION 

Narrow  slots  in  a  waveguide  surface  arc  widely  used  in 
X-band  techniques  as  coupling  elements  or  radiators. 
The  filling  of  waveguides  with  dielectric  is  utilised  in 
order  to  miniaturise  devices  or  slow  down  waveguide 
waves.  The  layered  filling  gives  some  additional  op¬ 
portunities  to  control  output  system  parameters,  Those 
arc  scattering  matrix  elements  of  a  slot  in  a  waveguide 
filled  w'ith  layered  dielectric.  In  order  to  obtain  them  it 
is  ncccssaiy  to  solve  an  excitation  problem  for  such  a 
waveguide  when  a  source  is  a  magnetic  current 
equivalent  to  the  electric  field  in  a  slot.  The  main  difii- 
culty  of  solving  this  problem  is  due  to  the  fact  that  in 
the  description  of  magnetic  current  density  the  Dirac 
delta-function  is  present.  The  most  traditional  methods 
of  solving  this  problem  (the  eigen  waves  method  or 
Green's  {tiiiclion  one  for  the  field)  lead  to  the  expres¬ 
sions  for  the  //-field  in  the  source  region  containing  the 
series  and  the  additional  divergent  term  where  the 
current  density  is  present  in  an  explicit  form.  As  conse¬ 
quence  of  this  a  series  which  must  compensate  diver¬ 
gence  of  this  additional  tenn  is  also  divergent.  As  a 
result  the  solution  obtained  in  a  such  form  is  not  suit¬ 
able  for  calculations.  This  situation  occurs  in  the  fol¬ 
lowing  cases.  Firstly,  when  we  use  the  eigen-w'aves 
method  for  finding  the  field  excited  by  a  longitudinal 
slot.  Secondly,  when  the  direction  used  as  a  longitudi¬ 
nal  one  in  the  process  of  the  Green's  function  construc¬ 
tion  is  parallel  to  the  magnetic  current  of  interest.  So 
for  the  narrow  transverse  slots  w'e  can  use  the  eigen 
waves  method  without  any  difficulties,  But  in  the  case 
of  longitudinal  slots  it  is  necessary  to  construct  the 
Green's  function  using  the  direction  perpendicular  to 
the  line  of  the  magnetic  current  as  a  longitudinal  one. 
For  longitudinal  slots  this  direction  is  perpendicular  to 
the  boundaries  of  adjacent  dielectric  layers.  Such 
Green's  functions  were  built  in  [1]  and  in 
B.  A.  Panchenko's  works.  This  w'ay  specifies  a  repre¬ 
sentation  of  z-dcpendence  of  the  field  in  the  Fourier 
integral  form.  The  same  representation  w'as  used  in  [2] 
in  the  process  of  direct  solving  the  Maxwell  equations 
for  obtaining  an  admittance  of  a  longitudinal  slot.  The 
both  above  mentioned  ways  lead  to  very  tedious  com¬ 
pulation  formulas.  The  numerical  results  for  a  longitu¬ 
dinal  slot  in  a  waveguide  with  dielectric  slab  are  given 
only  in  [3].  Another  way  of  solving  this  problem,  pro¬ 


posed  in  [4],  permits  to  obtain  more  compact  solution. 
The  main  idea  of  this  method  is  expanding  the  mag¬ 
netic  current  density  over  a  set  of  potential  vector  func¬ 
tions  and  afterwards  uniting  this  series  with  ones  over 
LE-  and  I/Lf-waves.  The  validity  of  this  way  is  caused 
by  the  fact  that  tlie  current  density  term  in  the  solution 
has  solely  potential  nature  [5].  We  call  this  way  as  a 
modified  eigen  waves  (MEW)  method. 

The  numerical  results  for  tlie  transverse  slots,  obtained 
with  tlie  eigen  waves  method,  were  described  in  [6].  In 
this  paper  we  represent  the  numerical  results  obtained 
with  the  MEW-method  for  longitudinal  slots  and  ex¬ 
perimental  results  for  both  types  of  slots. 

MAIN  PART 

The  slots  under  consideration  are  cut  in  a  broad  wall  of 
a  rectangular  waveguide  23x10  mm  filled  with  the  3- 
layered  dielectric.  The  layers  are  supposed  to  be  paral¬ 
lel  to  tlie  narrow  or  to  broad  walls  of  the  waveguide. 
Their  width  are  a^,  02  >  ^3  in  the  first  case  and 
,  /)2 ,  ^3  —  in  the  second  one.  Permittivities  of  the 
layers  s  have  the  similar  subscripts.  When  a  dielectric 
slab  is  inserted  into  an  empty  waveguide  it  is  conven¬ 
ient  to  use  one  of  these  subscripts  for  describing  the 
width  of  the  slab  and  its  position  (1-for  the  left  or  upper 
position).  It  was  supposed  that  tlie  slot  of  interest  was 
cut  on  the  left  in  the  upper  broad  wall  of  the  waveguide. 
Numerical  and  experimental  investigations  were  per- 
fonned  for  a  case  of  a  dielectric  slab  in  a  waveguide. 
Scattering  elements  were  analysed  in  the  one-mode 
regime  for  various  permittivities  of  the  slab,  its  dimen¬ 
sions  and  position  in  a  waveguide.  Usually  waveguides 
are  filled  with  dielectric  in  order  to  slow  down  a  wave 
inside  them.  In  antenna  applications  it  is  necessary  to 
lessen  the  distances  between  adjacent  equiphased  reso¬ 
nance  slots.  Consequently,  it  is  necessary  to  obtain 
resonance  at  the  frequencies  where  the  wavelength  in  a 
w'aveguide  is  less  than  one  in  an  open  space.  So,  we 
were  interested  how  the  presence  of  dielectric  in  a 
waveguide  shifts  resonance  frequency  of  a  slot  and 
varies  the  level  of  radiation  coefficient  at  this  fre¬ 
quency.  The  most  sufficient  experimental  and  numeri¬ 
cal  regularities  of  slot  scattering  parameters  behaviour 
are  as  follows. 

In  general  presence  of  dielectric  sliifts  the  resonance 
frequency  tow'ards  more  long  wavelengths.  When  a 
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Fig.  1 


Fig.  2 


Parameter  of  filling  t) 


Fig.  3 


Fig.  4 


dielectric  slab  is  situated  under  a  slot  this  shift  is  more 
rapid  and  less  regular  then  in  tlie  case  when  it  is  dis¬ 
placed  from  the  slot.  The  matching  of  a  slot  with  a 
feeder  line  is  better  in  the  later  case. 

These  regularities  were  confmned  by  the  experimental 
data  for  a  transverse  slot  in  a  waveguide  with  dielectric 


slab  parallel  to  both  broad  and  narrow  walls.  Let  us 
introduce  a  parameter  ri  =  or  •r\-aja  for  slabs 
parallel  to  broad  and  narrow  walls  correspondingly. 
Subscript  /  is  even  to  1  when  tlie  slab  is  under  the  slot 
and  /  =  3  when  it  is  displaced  from  the  slot  to  the  oppo¬ 
site  wall.  It  is  seen  from  Fig.  1  tliat  in  the  case 
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fX^h^lb  resonance  wavelength  varies  very  slowly  in 
the  limits  0  ^  Tj  <  0.6  of  this  parameter  and  the  reflec¬ 
tion  coefficient  is  practically  the  same  as  one  in  an 
empty  waveguide  (even  less  for  short  slots,  see  Fig.  3). 
When  the  slab  is  under  the  wall  where  the  slot  is  cut 
the  power  reflection  coefficient  rises  with  the  parameter 
r\  =  hjb  within  these  limits  rapidly  enough  (in  average 
from  1.5  to  2  times,  see  Fig.  4),  besides  resonance  fre¬ 
quency  behaves  unsteadily.  These  experimental  data 
were  obtained  for  e  =  2  . 

It  must  be  noted,  that  the  retarding  of  tlie  dominant 
wa\  e  practically  does  not  depend  on  the  position  of  the 
slab  parallel  to  broad  walls.  So  it  is  preferable  to  dis¬ 
place  the  slab  from  the  slot.  The  experimental  results 
similar  to  ones  in  the  Fig.  1,  3,  4  were  obtained  for 
longitudinal  slots  in  both  cases  of  the  slab  position, 
parallel  to  broad  and  narrow  walls  of  a  waveguide.  In 
the  case  of  a  transverse  slot  in  a  waveguide  with  a  cen¬ 
trally  positioned  slab  parallel  to  narrow  walls  (most 
applicable  position  for  obtaining  effective  slowing 
down)  power  reflection  coefficient  rises  with  rj  rapidly 
(appro.vimatcly  two  times  in  limits  0  <  -q  <  0.4 ).  Be¬ 
cause  of  that  such  geometry  is  undesirable. 

Numerical  calculations  have  been  performed  for  longi¬ 
tudinal  slots  using  MEW-method  under  assumptions 
that  the  electric  field  along  a  slot  is  described  with  a 
half  wave  of  sinusoid  and  is  constant  across  the  slot. 
Calculations  were  performed  using  two  values  of  slab 
permittivity  s  =  2  and  s  =  5,  slot  length  (L)  and  width 
(d):  L=  13.7  mm,  d  =■■  1.5  mm,  slot  centre  displacement 
from  the  narrow  wail  Xy  =  2.5  mm.  (the  slot  length  was 
chosen  because  the  rectangular  slot  of  length  L  =  13.7 
mm  has  practically  the  same  resonance  frequency  as 
the  slot  of  length  L  =  14  mm  with  rounded  ends,  used 
in  experiments).  Dielectric  slab  was  supposed  to  be 
parallel  to  narrow  walls.  The  main  numerical  results 
are  in  a  good  agreement  with  exTierimental  data  and 
with  data  given  in  [3].  These  results  are  as  follows. 

When  permittivities  of  all  dielectric  layers  are  supposed 
to  be  K  =  1  (an  empty  waveguide)  die  data  calculated 
coincide  fully  with  experimental  ones.  Dielectric  slab 
positioned  under  a  slot  shifts  a  resonance  wavelength 
much  more  effectively  than  when  a  slab  is  displaced 
from  the  slot  (see  Fig.  2,  curv'es  2,4  -  for  a  slab  under  a 
slot  and  1,  3  ones  —  for  a  slab  displaced  from  it,  the 
round  and  triangular  black  points  are  experimental 
data).  These  results  are  qualitatively  the  same  as  in  the 
case  of  dielectric  slab  parallel  to  broad  walls.  We  can 
see  a  good  enough  agreement  between  the  numerical 
data  and  experimental  ones.  Very'  interesting  behaviour 
of  reflection  and  radiation  coefficients  depending  on  a 
slab  width  was  observed.  Results  presented  in  Fig.  5 
correspond  to  the  position  of  dielectric  slab,  displaced 
from  the  slot,  in  Fig  6  —  to  a  slab  under  the  slot.  The 
black  points  in  the  figures  represent  experimental  data. 


The  curves  1  in  these  figures  represent  reflection  coef¬ 
ficient,  curves  2  —  radiation  one.  The  numerical  re¬ 
sults  concerning  the  reflection  coefficient  are  in  a  good 
agreement  with  experimental  data.  As  to  the  radiation 
coefficient  there  were  observed  some  discrepancies 
between  numerical  and  experimental  results.  The  value 
of  radiation  coefficient  52  calculated  exceeds  the  level 
0.5  for  o,  =  6.5  mm  and  for  the  fiill  waveguide  filling 
with  dielectric.  These  results  could  not  be  obtained 
under  assumption  of  symmetric  E-field  distribution  in 
the  slot  accepted  in  our  theoiy.  Thus  we  have  come  to 
the  conclusion  that  the  field  distribution  is  not  symmet¬ 
rical  in  the  presence  of  dielectric  under  the  slot,  there¬ 
fore  it  is  necessary'  to  use  more  precise  one.  In  [3]  30 
spatial  harmonics  were  used  for  description  of  E-ficld 
distribution  in  the  slot.  On  our  opinion  it  is  too  much. 
But  it  is  obvious  that  one  harmonic  is  not  enough  for 
description  of  the  E-field  in  longitudinal  slot  when 
dielectric  is  under  it. 

CONCLUSION 

Analysing  the  results  obtained  we  come  to  tlte  conclu¬ 
sion  that  MEW-method  provides  tlte  results  which  are 
in  a  good  agreement  with  experimental  data.  It  is  only 
necessary  to  use  greater  number  of  space  hannonics  for 
description  of  the  E-field  in  a  longitudinal  slot.  For  the 
antenna  applications  it  is  better  to  use  slots  displaced 
from  a  dielectric  slab. 
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ABSTIL4CT 

Two  problems  of  circular  waveguide  ^oi-wave  scatter¬ 
ing  on  spiral  obstacles  were  solved.  One  is  for  an  obsta¬ 
cle  in  a  form  of  spiral  with  substrate  on  a  boundary  of 
two  semi-infinite  dielectric  media,  another  is  for  a 
spiral  with  metallic  screen.  It  was  shown  that  an  exis¬ 
tence  of  thin  layer  near  a  spiral  caused  a  decreasing  of 
reflectivity  in  both  cases. 

INTRODUCTION 

Antennas  constructed  on  the  plane  spirals  base  are 
frequency  independent.  When  it  is  necessary  to  take 
unidirectional  radiation  a  plane  screen  is  arranged 
parallel  to  spiral.  The  spiral-screen  distances  a  estab¬ 
lish  a  radiation  power.  It  is  maximal  if  a  w  2.  /  4 ,  where 
X  is  the  working  passband  middle  wavelength,  and  it 
is  minimal  if  o  0 .  The  frequency  band  decreases  to 
one  octave,  but  radiation  field  circular  polarization 
preserv'es.  It  w'as  shown  in  [1]  that  if  two  spirals  with 
opposite  spiral  parameters  ±  u  are  used  and  distances 
between  spirals  b  and  screen  a  are  small 
(Aao»L/10)  than  the  radiation  pow'er  increases.  It's 
value  achieves  the  same  level  as  in  the  case  of  one 
spiral  and  screen  with  a  =  XI4.  The  problem  solution 
in  [1]  was  carried  out  by  integral  transfonnation 
method  for  non-syinmetric  wave  with  azimuth  depend¬ 
ence  ~  e""’’ ,  where  h  =  1 .  But  a  reason  of  such  radia¬ 
tion  power  growing  was  not  considered. 

The  aim  of  the  present  paper  is  to  investigate  the  influ¬ 
ence  of  thin  layer  near  the  spiral  on  ifoi  -wave  scattering 
in  circular  waveguide  on  spiral  obstacle. 

PROBLEM  SOLUTION 

There  are  two  problems  to  observe:  1)  iioi-wave  scat¬ 
tering  on  spiral  in  three  layered  dielectrics  one  of  which 
is  thin  spiral  substrate,  and  2)  £'oi-wave  scattering  on 
spiral  witli  metallic  screen  arranged  on  a  small  distance 
from  spiral.  In  the  first  case  the  problem  is  solved  in 
two  wave  approximation  for  incident  £oi-,  scattered 
Eo\-  and  excited  on  spiral  /7oi -waves.  The  influence  of 
symmetric  surface  wave  excited  on  spiral  on  reflectivity 
is  investigated  in  the  second  case. 

Problem  1.  There  is  infinite  circular  waveguide  in 
whicli  a  plane  logarithmic  spiral  with  substrate  is  lo¬ 
cated  in  the  plane  z  =  0  of  cylindrical  coordinates  p  , 


9 ,  z .  The  spiral  described  by  the  curve 
p  =Poexp(9/w),  where  pg  is  the  starting  spiral  ra¬ 
dius,  M  =  ctgv(/  is  spiral  parameter,  q/  is  the  twirl 
angle  of  the  spiral.  The  mode  matching  method  have 
been  used.  There  are  three  regions:  I  -  -oo  <  z  <  -/ , 
e  =  8,;  II  -  -/<z<0,  r-B2>  ~  0<z<oo, 

8  =  83.  From  -00  the  incident  Eoi-wave  with  imit 
amplitude  falls  on  the  I  -  II  regions  boundary.  Here  it  is 
scattering  for  the  first  time.  Then  it  is  scattering  on 
spiral  (boundary  of  the  I  -  III  regions).  Hoi  is  excited  on 
tlie  spiral.  As  spiral  substrate  is  tliin,  Hoi -wave  pene¬ 
trate  in  the  first  region  also.  So  the  fields  in  I,  II,  III 
regions  are  expressed  by  electric  and  magnetic  Hertz 
vectors  and  they  may  be  described  by  8  unknown  coef¬ 
ficients  as  the  results. 

The  boundary  conditions  are  formulated  as  conjugate 
conditions  on  two  dielectrics  boundary  and  as  aniso¬ 
tropic  sheet  model  form  on  spiral.  The  unknown  coeffi¬ 
cients  are  defined  from  8  algebraic  equations. 

Results  1.  The  calculations  for  waveguide  of  radius  1.5 
cm,  various  spiral  parameters  u ,  substrate  thicknesses 
/  and  permittivities  81,82,83  in  2  -  3.5  cm  wave¬ 
length  were  carry  out. 

The  calculations  showed  that  in  the  case  of  single  spiral 
without  dielectrics  reflectivity  (R)  rushed  to  0  for 
ti  >  10  ,and  to  1  for  w  » 1 . 

The  case  of  two  dielectric  regions  (sj  =  82  =  1 ,  Sj  1) 
vrith  spiral  without  substrate  on  dielectrics  boundary  is 
presented  in  Fig.  1.  Solid  lines  are  for  m  =  10, 
81=82=1,  83-  var,  the  curves  1,  2,  3  are  for 
S3  =  2,  10,  50 ,  respectively.  It  is  seen  that  growing  of 
permittmty  83  causes  the  increase  of  R. 

Another  picture  can  be  seen  when  substrate  exists.  In 
Fig.  1  the  dashed  lines  for  u  =  10 ,  /  =  1mm;  curves  1, 
2,  3  are  for  s,  =  1 ,  63  =  83  =  equal  to  2,  10,  50  , 
respectively.  From  Fig.  1  one  can  see,  that  for  small 
the  existence  of  thin  layer  besides  spiral  causes  a  some 
decrease  of  R  in  all  frequency  band.  In  the  case  of  large 
85;  Uie  existence  of  thin  substrate  causes  the  more 
decreasing  of  R,  but  in  the  smaller  frequency  band. 
Curve  4  corresponds  to  e,  =  1 , 83  =  5 ,  83  =  50 .  We  see 
that  in  this  case  R  becomes  smaller  then  in  the  case  of 
substrate  absent. 


Procceding,s  of  the  3rd  International  Conference  on  Antenna  Theory  and  Techniques,  Sevastopil,  Ukraine,  8-11  Sept.  1999 


Fig.  2  shows  the  dependencies  of  R  versus  X  for  the 
same  parameters  as  in  Fig.  1,  but  for  bigger  substrate 
thickness  (/  =  2  mm).  Cunes  1,  2,  3  are  for 
8v  =  2,  10,  50 ,  cun'c  4  is  for  e.^  =  20  .  It  is  seen  that 
decreasing  of  R  is  observed  for  small  Ej;  in  same  fre¬ 
quency  band.  For  e^;  =  2  and  10  R  <  0.3  exists  in  40% 
frequency  band,  but  for  Ej;  =20  this  regime  is  re¬ 
marked  in  20%  frequency  band  only.  For  =50 
(curve  3)  in  mentioned  frequency  band  the  region  with 
small  R  does  not  exist.  For  thick  layers  or  large 
Ej  >  50  the  standing  wave  regime  is  observed. 


Fig.  1 


are  also  small  ( o'  <  1  / 10 ).  On  the  Fig.  3  the  curves  1, 
2,  3,  4,  correspond  to  d  =  l,  2,  3,  5  mm,  respectively. 
It  is  seen  that  for  d  =  l  or  2  mm  the  near  field  in  form 
of  surface  wave  also  is  gating  R  smaller.  For  d>5  mm 
the  standing  waves  in  region  spiral  screen  have  been 
observed. 


The  theoretical  data  have  been  confinned  by  experi¬ 
mental  results  in  both  cases. 

CONCLUSION 

The  tliin  layer  near  the  spiral  investigations  shows  its 
significant  influence  on  the  reflectivity.  This  effect  may 
be  explained  by  two  facts;  1)  the  same  waves  re¬ 
reflection  in  layer  and  2)  surface  wave  excitement  in  it. 

These  result  may  be  used  in  hyperthennia  investiga¬ 
tions  and  under  working  out  of  nonreflection  surfaces. 
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Problem  2.  In  this  case  we  have  the  obstacle  in  a  plane 
spiral  with  screen  fonn.  We  picked  out  two  regions;  I  - 
-oo<z<0,n-  0<z  <d .  The  spiral  is  arranged  in 
plane  z  =  0 ,  screen  is  located  in  z  =  d .  The  pennit- 
livities  arc  equal  to  1  in  both  regions.  Incident  form 
-oo  Eoi-wave  scattering  on  spiral  and  existing  the 
symmetric  surface  wave  on  it.  The  problem  solution  is 
carried  out  in  two  wave  approximation;  Eoi-wave  and 
symmetric  surface  wave.  The  boundary'  conditions  are 
taken  in  approximation  of  anisotropic  sheet  model  on 
spiral  and  in  common  form  on  the  screen. 

Results  2.  The  calculations  showed  that  small  R  are 
obsen'cd  then  the  distances  between  spiral  and  screen 
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INTRODUCTION 

The  corner  antenna,  being  widely  used  in  practice  in 
tlie  UHF  band,  is  the  classical  model  for  illustrating  the 
influence  of  the  electromagnetic  waves  diffraction  on 
tire  reflector  edges  on  the  directivity  D  of  the  radiating 
system.  The  experimental  measurements  of  the  direc¬ 
tivity  of  finite  —  size  comer-reflector  antenna  have 
been  carried  out  by  the  autliors  [1]  for  numerical  com¬ 
binations  of  the  width  L  and  height  W  of  the  reflector 
under  vary'ing  each  from  0.4X,  to  5?..  These  measure¬ 
ments  were  made  with  a  half-wave  dipole,  oriented 
parallel  to  the  interior  edge  of  the  comer,  for  the  first 
tltree  optimal  positions,  providing  the  maximum  direc¬ 
tivity  Z),nax ,  when  changing  the  dipole  distance  from  the 
reflector  apex  s  from  0.07?^  to  2.57,.  The  aperture  angle 
P  was  adjustable  from  20°  to  180°  to  maximize  the 
directivity.  Using  the  uniform  geometrical  tlieory'  of 
diffraction  a  solution  for  the  tlvree-dimensional  radia¬ 
tion  problem  in  the  far  field  zone  of  a  finite  -  size  cor¬ 
ner  antenna  with  an  arbitrary  aperture  angle,  excited  by 
an  arbitrary  oriented  electric  dipole,  has  been  obtained 
in  [2[.  Efficient  algorithms  and  computer  codes  for 
calculating  the  directivity  of  the  comer  antenna  have 
been  worked  out  on  its  basis  to  conduct  more  delicate 
and  full,  then  in  the  experiment,  investigation  of  the 
optimal  dipole  positions  in  dependence  on  reflector 
dimensions  at  different  aperture  angles,  to  study  tlie 
possibility  to  maximize  the  directivity  by  means  of 
choosing  optimal  combination  of  the  reflector  dimen¬ 
sions  ,  orientation  and  dipole  position  under  fixed  angle 
aperture.  Such  an  analysis,  conducted  in  [3]  for  the 
plane  screen  (P  =  180°),  determined  the  first  maximum 
value  D„ax=  8.61,  when  dipole  was  oriented  parallel  to 
tlie  square  screen  with  Z,opt=  1.27,  at  a  distance  ^opt  = 
0.17.  from  it.  Just  as  the  first  D„,ax  in  the  case  of  infinite 
plane  screen  is  =  7,07.  The  second  maximum  was 
achieved  at  .Sop,  =  0.757  being  equal  D„ax=  9  (D„  =  6) 
under  7opt=  1-57  and  in  the  case  of  the  third  maximum 
fJmor  =  9.2  (D„  =  6)  at  S„pt  =  1.257,  iopt  =  27.  The  cal¬ 
culated  S'opt  coincided  with  the  experiment  [1],  The 
purpose  of  the  present  paper  is  to  detennine  the  optimal 
combination  of  the  reflector  dimensions  and  dipole 
position  providing  the  maximum  directivity'  with  the 
calculation  of  the  diffraction  effects  on  the  reflector 
edges  at  an  arbitrary  angle  aperture. 


PROBLEM  FORMULATION  AND  ANALYSIS 
OF  NUMERICAL  RESULTS 

Consider  a  comer  antenna  consisting  of  two  infinitely 
thin  perfectly  conducting  plates  with  the  width  L  and 
the  height  fV,  intersecting  at  an  arbitrary  angle  p.  A 
half-wave  vibrator,  used  as  the  excitation  source,  is 
located  in  the  bisector  of  the  corner  plane  at  the  dis¬ 
tance  5  from  the  interior  edge  in  parallel  to  the  latter 
(vertical  vibrator)  or  perpendicular  to  it  (horizontal 
vibrator).  The  no-loss  power  directivity  of  this  antenna 
there  have  been  calculated  using  tlie  ex-pression 

Z)  =  4;cPs(0,0)/P5;, 

where  Pi(0,0)  is  the  power,  radiated  in  the  forward 
direction  from  the  antenna,  Pz  is  the  total  power  radi¬ 
ated  over  the  surface  of  the  observation  sphere.  The 
developed  programs  allow  to  combine  the  study  of  the 
size  of  reflector  with  the  value  of  aperture  angle,  re¬ 
quired  to  maximize  the  directivity. 

First  of  all,  analyze  the  effect  of  the  aperture  angle  on 
the  value  and  the  vibrator  position,  providing  it, 
under  constant  reflector  dimensions.  Fig.  la,  b  shows 
the  dependencies  D  on  the  vibrator  distance  s,  calcu¬ 
lated  by  the  mirror  image  method,  which  assumes  infi¬ 
nite  dimensions  of  the  faces,  for  the  comer  antenna 
having  values  of  aperture  angle,  obtained  by  dividing 
180  degrees  by  an  integer.  The  directivity  improves  as 
tlie  vibrator  is  brought  very  close  to  the  apex;  however, 
the  radiation  resistance  becomes  quite  low  and  the 
losses  reduce  the  directivity.  If  the  position  of  the  vi¬ 
brator  is  displaced  from  the  optimum  in  tlie  direction 
away  from  the  apex,  the  directivity  is  reduced.  The 
second  and  liigher  order  maxima  D  correspond  to 
points  at  which  the  direct  radiation  and  reflected  radia¬ 
tion  add  inphase  in  the  fonvard  direction.  As  seen  the 
values  Dmax  are  greater  in  the  second  and  higher  order 
optimal  positions. 

For  finite-size  corner  antenna,  by  analogy  with  the 
experiment  [1],  tlie  various  optimal  vibrator  positions 
S'opt  and  the  changes  in  the  values  with  continuous 
variation  of  aperture  angle  p  from  30°  to  150°  when  5 
varied  from  0.17  to  1.17  have  been  calculated.  The 
calculated  Sop,  coincided  with  tlie  experiment  [1].  In  the 
case  of  excitation  by  tlie  vertical  vibrator  (Fig.lc)  the 
dependence  of  the  optimal  values  Sop,  is  a  continuous 
function  of  the  angle  p.  The  distance  Sop,  increases  as 
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beta, grad,  beta, grad. 


30  45  60  75  90  105  120  135  150  30  45  60  75  90  105  120  135  150 

bcta.grad.  beta, grad. 

Fig.  1.  The  optimal  vibrator  positions  S  opt  and  corresponding  values  Dmax 
as  the  functions  of  the  aperture  angle  p 


the  aperture  angle  is  made  smaller.  The  second  maxima 
of  D  in  given  interval  of  changing  s  are  only  for  p  = 
120°...  ISO”.  In  the  case  of  excitation  by  the  horizontal 
vibrator  (Fig,  Id)  the  first  optimal  positions  practically 
coincide  under  all  apex  angle  at  =  0.25X.  The  sec¬ 
ond  maximum  of  D  is  near  5'opt=  0.75X  at  p  =30°. ..55° 
and  65°.. .105°,  at  p  >  120°  Sop,  is  equaled 
1.02X...0.75)^.  The  values  Dmax  increase  as  the  angle  p 
is  made  smaller  from  9  at  p  =  180°  to  30,4  at  p  =  30° 
in  the  case  of  vertical  vibrator,  and  from  9  to  25  for 
horizontal  vibrator  (Fig,  ie,  f).  From  the  comparison 
the  first  An,Txfor  a  corner  with  L  =  W=  SX  (Fig.  Ic)  and 
an  infinite  corner  (Fig.  la)  for  different  angles  P  we 
obtain:  for  P  =  30°  Ana.x  =  30.4  and  D„  =  65  at  Sop,  = 
0.957,;  for  p  =  45°  =  34  and  =  39  at  Sop,  =  0.67.; 

for  p  =  60°  Dma,K  =  29.57  and  =  28  at  Sop,  =  0.47.;  for 
p  =  90°  A.ax=  17.24  and  17.62  at  Sop,  =  0.25:7.  So 
the  diffraction  effects  on  the  corner  edges  reduce  the 
directi\aty  in  forward  direction  at  small  angles  p  even 
at  large  corner  sizes  at  WH  =  1. 


Then,  let  us  consider  the  effect  of  reflector  dimensions 
on  the  value  Dmax-  The  calculated  directivities  in  the 
case  of  excitation  by  vertical  vibrator  realizable  with  a 
comer  antenna  having  various  combination  of  width 
and  height  are  presented  in  Fig.  2  in  the  form  of  con¬ 
tours  of  constant  D  in  the  system  coordinates  L  and 
WIL.  In  tlie  case  p  =  30°  (Fig.  2a)  the  directivities 
change  from  5  to  70.  The  behavior  of  dependence  D  on 
WIL  at  different  fixed  L  is  various.  When  changing  WIL 
from  0.1  to  0.5  the  directivities  reduce  from  20  to  10  at 
L  =  27.  and  from  69  to  36  at  T  =  67..  Under  changing 
WfL  from  0.5  to  2  the  values  D  increase  from  10  to  15 
at  Z-  =  27.  and  from  36  to  42  at  L  =  67.  In  the  case  P  = 
45°  the  isolines  are  presented  for  5  =  0,67  and  5  =  0.97^ 
(Fig.  2c,  d).  The  values  D  change  from  12  to  42.  For  L 
=  37  at  5  =  0.67  tlie  values  D  reduce  from  26  to  24 
when  WIL  are  small;  when  W/L  >  0.75  ones  increase 
from  20  to  26.  At  5  =  0.97  for  Z,  =  37  the  values  D 
practically  don't  depend  from  the  height  W  and  for  L  = 
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Fig.  2,  The  contours  of  constant  directivity  D  w/ith  vibrator  in  first  position  for  various  reflector  sizes 


6X  ones  reduce  from  39  to  30  when  W/L  =  0.1. ..0.75 
and  being  constant  then.  In  the  case  p  =  90°  (Fig.  2b) 
the  values  change  from  0  to  21.7,  The  extreme  value 
21  is  atZ,opt=  1-97.  and  (lV/L)opt=  0.1  17). 

The  changes  in  D  prove,  that  the  field,  diffracted  at  tlie 
comer  edges  are  essential  in  tlie  fonvard  direction  to 
antenna  in  the  fixed  interval  of  side  length  ratio,  which 
is  depended  from  the  p,  Z,,  j. 

CONCLUSIONS 

The  diffraction  of  the  electromagnetic  waves  on  the 
comer  edges  leads  to  essential  dependence  of  the  direc¬ 
tivity  of  the  corner  antenna  on  tlie  height  under  fixed 
width  and  the  vibrator  distance  in  the  defined  interval 
of  the  side  lengths  ratio.  It  allows  to  maximize  the 
directivity  for  each  apex  angle  of  the  comer  antenna  by 
choosing  the  optimal  combination  of  the  reflector  di¬ 
mensions. 


REFERENCES 

1.  Cottony  H.V,,  Wilson  A.C.  IRE  Trans,  on  Anten¬ 
nas  and  Propagation,  1958,  AP-6,  pp.366-369. 

2.  Gorobets  N.N.,  Yeliseyeva  N.P.  Journal  of  Com¬ 
munication  Technology  and  Electronics,  V38,  N6, 
1993,  pp.  99-107. 

3.  Gorobets  N.N.,  Yeliseyeva  N.P.  Proc.  of  tlie  VI  Int. 
Conf.  on  Mathematical  Methods  in  Electromag¬ 
netic  Theoiy,  Lviv,  1996,  pp. 513-516. 


Proceedings  of  the  3rd  International  Conference  on  Antenna  Theory  and  Techniques,  Sevastopil,  Ukraine,  8-11  Sept.  1999 


368 


A  MULTIBEAM  HYBRID  PRINTED  ANTENNA  BASED 
ON  A  STRIP  PERIODIC  STRUCTURE 

A.  P.  Yevdokimov,  V.  V.  Krizhanovsky,  P.  N.  Mclezhik,  and  A.  Ye.  Poedinchuk 

A.  Ya.  Usikov's  Institute  of  Radiophysics  and  Electronics  NASU 
Ul.  Proskury  12,  Kharkov  310085  Ukraine, 

Ph.:  38  (0572)  44  83  26,  fax  38  (0572)  44  11  05,  e-mail:  ycvdok@ire.kharkov.ua 


The  present  -  day  trend  in  automobile  radar  is  toward 
the  millimeter  -  wave  technology  which  have  the  effect 
of  increasing  visibility  in  the  road  traffic.  But  despite 
tlic  obvious  benefits  for  the  traffic  safety,  the  high  cost 
presents  a  serious  deterrent  to  this  millimeter  -  wave 
application.  Even  with  a  certain  improvement  in  cost  of 
some  signal  processing  and  functional  units  utilizing 
solid  -  stale  components,  the  planar  small  -  size  anten¬ 
nas  remain  too  complex  and  expensive,  sending  us  in 
search  of  new  millimeter  -  wave  antenna  designs  and 
calculation  algorithms. 

Historically  tliere  have  been  formed  the  two  completely 
different  lines  in  the  radiating  aperture  design: 
waveguide  engineering  (hollow  metal  waveguides)  and 
primed  antenna  technology.  In  the  millimeter  region, 
the  waveguide  antennas  are  vciy  expensive  and  difficult 
in  manufacture,  such  as  slot  -  waveguide  arrays,  for 
one.  Nevertheless  they  find  their  application  which 
owes  to  the  small  loss.  The  antennas  based  on  printed  - 
circuit  components  and  utilizing  microstrip/slot  trans¬ 
mission  lines  are  impracticable  because  of  the  high  loss 
in  the  short  -  wave  part  of  the  millimeter  region.  In  this 
connection,  apertures  larger  than  ten  wavelengths  are 
not  allowed.  Besides,  the  required  dimensional  accu¬ 
racy  is  often  beyond  the  technology  possibilities.  An 
alternative  to  the  traditional  approaches  is  the  so  - 
called  hybrid  printed  antenna  [1,  2].  Its  distinguishing 
feature  is  a  metallized  dielectric  layer  associated  with 
printed  -  circuit  radiating  elements  excited  by  the 
waveguide  modes:  TEM  modes  propagating  in  the 
metal  -  dielectric  structure  [I]  or  eigenwaves  of  the 
single  dielectric  waveguide  [2].  In  the  first  case,  a  quite 
compact  construction  is  reached.  However  dictated  by 
tlie  single  -  mode  propagation  condition,  the  dielectric 
thickness  (i.  e.  the  spacing  of  the  metal  layers)  is  too 
small,  which  causes  the  loss  increase.  In  the  second 
case,  the  antenna  loss  is  determined  by  the  dielectric 
waveguide,  which  is  at  a  loss  minimum  in  this  antenna 
class. 

In  the  present  work,  an  attempt  will  be  made  to  com¬ 
bine  the  strengths  and  eliminate  the  weaknesses  of  both 
designs  by  employing  H  waves  of  the  metallized  di¬ 
electric  layer.  The  strengths  are  amplified,  as  will  be 
seen  below,  by  the  fact  that  the  antenna  suggested  need 
not  a  separate  radio  -  transparent  shielding  screen 
when  e.xposed  to  rainfall. 


The  basis  structure  of  the  hybrid  printed  antenna  is 
shown  in  Fig.  1  and  represents  a  dielectric  layer  which 
is  metallized  on  both  sides  and  has  permittivity  ej.  A 
strip  periodic  structure  with  period  i  and  slot  width  d  is 
embodied  in  the  upper  metal  layer.  If  =  0,  the  metal¬ 
lized  dielectric  layer  changes  into  tlie  two  -  plane  metal 
waveguide  with  dielectric  filling.  Its  mode  serves  as 
an  incident  wave.  The  Hi  choice  owes  to  the  absence  of 
longitudinal  currents,  with  tlie  result  that  the  attenua¬ 
tion  is  only  a  trifle  over  that  in  the  single  dielectric 
layer.  So  the  loss  of  the  discussed  antenna  is  compara¬ 
ble  with  the  loss  of  the  antenna  built  around  a  planar 
dielectric  waveguide.  The  slots  of  the  upper  metal 
screen  radiate  into  free  space  in  tlie  direction 

1  [3],  where  U  is  the  wave  slow¬ 
ing  factor,  t  is  the  grating  period,  and  A.  is  the  free  - 
space  wavelength.  The  upper  dielectric  layer  with  per¬ 
mittivity  e  2  acts  as  a  shielding  screen.  In  the  general 
case,  E]  E  2  as  a  choice  of  the  layers  materials  is 
guided  by  different  criteria:  a  loss  minimum  for  the 
bottom  layer  and  mechanical  characteristics  for  the 
upper  one. 


P. 


Fig.  1 

The  electrodynamical  structure  shown  in  Fig.  1  is  quite 
difficult  to  analyze.  The  problem  is  that  d  ^  0  tlie 
phase  velocity  depends  on  the  slot  width  and  depth  and 
the  permittivities  of  the  dielectric  layers.  Evidently  the 
synthesis  of  the  amplitude  distribution  in  the  radiating 
aperture  along  the  slow  surface  wave  propagation 
brings  serious  phase  errors  when  performed  only  on  a 
slot  width  basis.  For  the  error  compensation,  every 
particular  d  value  requires  the  period  i  correction.  So 
the  symthesis  of  amplitude  /  phase  distribution  in  the 
radiating  aperture  is  governed  by  the  knowledge  of  the 
real  and  imaginary  parts  of  the  propagation  constant 
depending  on  all  the  structure  parameters,  but  primar¬ 
ily  on  d.  In  addition,  it  is  necessary  to  meet  the  propa¬ 
gation  condition  of  most  of  the  power  in  the  bottom 
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dielectric  layer.  This  means  that  the  upper  layer  has  to 
work  as  a  screen  rather  tlian  a  surface  wave  line. 

In  view  of  all  general  physical  considerations,  the  an¬ 
tenna  design  data  have  been  determined  using  the  rig¬ 
orous  mathematical  methods  of  diffraction  theory  with 
tlie  following  experimental  verification.  For  the  consid¬ 
ered  periodic  waveguide,  a  numerical  analytical  method 
has  been  developed,  which  is  a  generalization  of  the 
earlier  technique  [4]  for  finding  complex  propagation 
constants.  By  tliis  method  the  initial  eigenwave  and 
propagation  problem  is  equivalently  reduced  to  the 
dispersion  equation.  For  its  solution,  a  set  of  computer 
programs  has  been  devised  to  calculate  the  normalized 
real  and  imaginary  parts  of  tire  propagation  constants 
of  the  eigenwaves  and  leaky  waves  in  a  wide  range  of  I, 
d,  si,  e  2,  and  thicknesses  of  the  dielectric  layers.  At 
a  satisfactory'  (no  w'orse  tlian  1  %)  agreement  with  the 
experimental  data,  the  slot  width  d  and  period  t  are 
calculated  depending  on  the  coordinate  coinciding  w-ith 
the  slow  surface  wave  propagation  direction. 


Fig.  2 


For  the  sake  of  comparison,  on  Fig.  2  and  3  w'e  indicate 
the  desired  cosine  and  Gaussian  field  distributions  in 
the  radiating  aperture  (solid  lines).  The  corresponding 
field  strength  in  the  aperture  of  the  experimentally 
tested  structures  is  show'n  w'ith  dots;  the  aperture  length 
is  78  imn,  the  operating  wavelength  X  =  3.92  corre¬ 
sponds  to  the  center  frequency  of  die  operating  range 
76  -  77  GHz  set  off  for  automobile  radar  assisting  the 
traffic  safety',  A  quite  good  agreement  between  the 
desired  data  and  measuring  results  is  evident.  The 
radiation  pattern  width  is  3.5°  for  the  cosine  distribu¬ 
tion  and  3.0°  for  the  Gaussian  one.  The  radiation  effi¬ 
ciency  is  87  %  for  both.  The  total  ohmic  loss  including 
the  strips,  metal  substrate  and  dielectric  layers  is  no 
more  than  0.5  dB  (excluding  the  excitation  units).  For 
both  cases,  the  side  lobe  levels  -20  dB  and  -22  dB 
exceeds  the  calculation  values  -23  dB  and  -27  dB.  It 
should  be  mentioned  that  the  side  lobes  are  essentially 


asymmetrical.  For  the  cosine  distribution,  they  tend  to 
the  near  -  complete  degeneration,  suggesting  the  un¬ 
compensated  phase  distortions.  The  nature  of  the  dis¬ 
tortions  is  not  as  yet  understood  and  requires  further 
studies. 


Based  on  the  investigated  electrodynamical  structure,  a 
transmitting  antenna  combined  with  a  three  -  beam 
receiving  antenna  has  been  constructed  for  automobile 
radar  assisting  the  road  traffic  safety.  The  main  char¬ 
acteristics  of  the  antenna  are  listed  below  -  combined  if 
they  are  common  for  both  receiving  and  transmitting 
antenna  and  separated  if  differ; 

Common: 

Operating  frequency,  GHz  76.5  ±  0.5 

Polarization  linear  horizontal 

Pattern  w'idth  in  vertical  3.5 

plane,  deg. 

Side  -  lobe  level  in  verti-  -  20 

cal  plane,  dB 

Side  -  lobe  level  in  hori-  -  18 

zontal  plane,  dB 

Combined  construction  150  x  97  x  17 
size,  mm  ^ 

Waveguide  flanges  1  for  transmitting 

antenna 

3  for  receiving  antenna 


Transmitting  antenna: 

Pattern  w'idth  in  horizontal  plane,  deg.  9 

Gain,  dB  29 
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Receiving  antenna: 

Pattern  width  of  eacli  of  tlie  three  beams  in  3 

horizontal  plane,  deg. 

Meeting  level  of  neighbouring  beams,  dB  -3 

Gain,  dB  32 

The  antenna  is  usable  either  with  a  separate  three  - 
beam  commutator  in  the  receiving  antenna  or  with  a 
three  receivers,  which  gives  a  certain  gain  in  the  radar 
system  potential. 

The  antenna  has  been  put  through  the  modeling  and 
testing  stages.  After  a  little  refinement  of  the 
waveguide  turns  and  bends  the  suggested  constniction 
can  be  available  for  manufacture. 
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INTRODUCTION 

The  capabilities  of  construction  of  electrically  scanning 
antennas,  working  at  several  frequency  bands,  are  de¬ 
termined  basically  by  appropriate  characteristics  of 
phasing  devices  and  radiators.  Lenses  with  the  elec¬ 
tronically  controlled  refraction  index  have  a  number  of 
advantages  in  comparison  with  multi-element  phased 
array,  their  application  allows  to  considerably  simplify 
a  design  and  manufacturing  technology'  of  millimeter 
wave  range  antennas  with  electrical  beam  scanning  in 
wide  angle  sector  [1,3]. 

Controlled  lenses  are  constructed  on  the  basis  of  me¬ 
dium  with  electronically  controlled  refraction  index, 
such  as  ferrite,  liquid  dielectric,  having  metallic  and 
dielectric  particles  in  suspension,  and  metallic  delay 
structures.  The  creation  of  such  antennas  requires  solu¬ 
tion  of  problems  both  in  the  theoretical  area  and  in 
manufacturing  new  antenna  components.  In  many 
cases  controlled  lenses  have  many  similarities  with 
deflectors  widely  used  in  optical  systems,  mainly  when 
solid  environments  are  using  for  their  construction.  In 
considered  below  radiolenses,  as  well  as  in  optical 
deflectors,  diffraction  grating  is  formed  with  parame¬ 
ters  corresponding  to  the  given  angle  of  a  beam  devia¬ 
tion,  the  one  basic  of  the  them  is  the  period  of  a  refrac¬ 
tion  index  change  in  the  orthogonal  direction  to  the 
electromagnetic  wave  propagated  in  the  lens.  The  basic 
feature  of  considered  system  is  the  presence  of  strong 
distributed  interaction  via  high-frequency  electromag¬ 
netic  field  between  areas  of  a  lens  with  different  refrac¬ 
tion  index.  Such  distributed  interaction  in  a  big  extent 
determines  the  characteristics  of  controlled  lenses. 

STRUCTURE  OF  A  CONTROLLED  LENS 

In  general  case  an  inhomogeneous  controlled  lens 
should  perform  two  main  transformation  of  waves 
passing  through  it:  the  transformation  of  a  wave  radi¬ 
ated  by  a  feed  horn  to  a  wave  with  a  plane  phase  front 
(i.e.  focusing)  and  then  changing  a  slope  of  the  plane 
phase  front  by  a  required  angle.  Both  surfaces  of  a 
controlled  lens  can  be  plane  and  the  lens  in  this  case  is 
a  layer  of  inhomogeneous  dielectric.  Let’s  consider  just 
such  lenses. 

Consider  a  controlled  lens,  excited  by  a  wave  with  a 
plane  phase  front.  In  general  case  such  a  controlled 


lens  consists  of  several  layers  differed  by  the  patterns  of 
refraction  index  change.  Consider  the  transformations 
of  plane  homogeneous  wave  h  to  a  wave  with  inclined 
phase  front  /+;.  Functioning  of  a  two-layer  lens  (Fig.  1) 
is  explained  as  follows. 


Fig.  1.  Two-layer  lens 

A  plane  homogeneous  wave,  propagating  along  axis  of 
lenses,  is  transfonned  to  a  wave  with  inclined  phase 
front  in  two  stages.  The  first  layer  1  (next  to  the  focal 
device)  transforms  the  incident  wave  into  two  plane 
homogeneous  waves  /+;  and  /./,  which  propagating 
with  equal  angles  in  module,  but  of  opposite  signs. 
Combination  of  tliese  waves  on  boundary  surface  of 
layers  1  and  2  gives  an  "odd"  wave.  Then  layer  2, 
playing  the  role  of  Bragg’s  deflector,  changes  the  di¬ 
rection  (only  the  angle  sign)  of  one  of  these  waves.  The 
indicated  transformations  of  plane  waves  correspond  to 
the  scheme:  A  necessary  condition  of 

such  transfonnations  is  that  period  D  of  refraction 
index  change  in  the  first  layer  should  be  twice  more 
than  period  of  index  change  in  the  second  layer.  The 
order  of  layers  arrangement  is  principal  value.  At  the 
refraction  index  change  saw  tooth  law,  as  results  of 
theoretical  research  have  shown,  a  relative  arrangement 
of  an  refraction  index  jumps  in  layers  1  and  2  depends 
on  a  ratio  between  values  /.;  and  I+i  and  varies  with 
changing  of  a  scanning  angle  of  a  beam. 

In  general  case  the  lens  scatters  a  incident  wave  into  a 
set  of  plane  waves,  i.e.  the  electromagnetic  field  in  the 
output  of  lens  has  complex  spectral  structure  of  spatial 
harmonics.  The  smaller  part  of  energy  of  the  exciting 
field  goes  into  parasitic  spectral  components,  the 
greater  the  lens  efficiency  is.  The  indicated  criterion  is 
decisive  in  the  process  of  lens  optimization  consisting 
in  selection  of  the  layers  number  and  of  the  refraction 
index  change  pattern.  The  number  of  longitudinally 
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homogeneous  layers  is  determined  by  sector  of  beam 
scanning  and  generized  parameter  C/P,  where  C  is  a 
distributed  coupling  coefficient  characterizing  the  me¬ 
dium,  and  P  is  a  coefficient  of  media  activity. 

The  analysis  of  equations  (Fig.  2),  describing  at  a  wide 
band  of  wave  lengths  activity  of  medium  as  periodic 
systems  with  various  geometrical  parameters  shows, 
that  in  area  (0.6. ..0.7)7,  the  value  P  varies  in  rather 
small  limits.  It  creates  the  premises  for  coivslruction 
wide  band  controlled  lenses  of  such  media.  Maximum 
values  of  activity  are  achieved  at  diameters  of  transver¬ 
sal-magnetized  ferrite  rods  a  =  (0.25. ..0.28)7..  It  is  also 
the  fact,  that  with  the  decrease  of  a  distance  between 
rods  (d<0.6X)  at  transversal  magnetization  the  activity 
quickly  decreases.  Sharp  activity  reduction  with  reduc¬ 
tion  of  rods  diameter  or  period  of  a  system  coincides 
with  tlie  beginning  of  fast  increase  of  the  interaction 
coefficient.  For  systems  of  ferrite  rods  in  the  field  of 
small  diameters  a  and  periods  d  the  coupling  coeffi¬ 
cient  essentially  depends  on  a  wave  polarization. 


c 

0.12 

0.08 

0.04 

“A 


Fig.  2.  Characteristics  of  controlled  media; 

1  —  P,  longitudinal-magnetized  ferrite  rods, 

=10,  d  =  2a,  fiz=  ±  0.25;  2  —  P,  transversal- 
magnetized  ferrite  rods,  =  10,  d=  3a,  //„=  ±0.25; 
3  —  C,  longitudinal-magnetized 
and  transversal-magnetized  ferrite  rods 


Liquid  dielectric  and  semiconductors  are  associated 
with  solid  medium  with  a  controlled  refraction  index. 
The  change  of  a  refraction  index  of  ferrite  medium 
happens  under  action  of  a  magnetic  field.  It  is  known, 
that  at  longitudinal  magnetization  in  such  a  medium 
the  effect  of  polarization  planes  rotation  is  obsen'ed.  In 
tliis  connection  ferrite  lenses  with  longitudinal  mag¬ 
netization  (along  an  optical  axis  of  a  lens)  w'ork  on 
waves  with  circle  polarization.  Polarization  distortions 
of  a  field  in  the  output  of  such  lenses  are  absent  only  in 
the  case,  if  the  refraction  index  in  layers  varies  under 
the  harmonic  law.  When  changing  according  to  tlie  saw' 
tooth  law  the  distortions  might  be  rather  essential.  At 
magnetization  transversal  with  respect  to  the  direction 
of  distribution  of  an  electromagnetic  w'ave  propagation, 
control  of  refraction  index  is  also  possible,  if  the  propa¬ 
gating  wave  is  polarized  in  planes,  orthogonal  to  a 
direction  of  magnetization.  In  (2]  characteristic  artifi¬ 
cial  fluid  dielectric  with  suspended  smallest  metal  par¬ 


ticles  are  described.  For  working  frequencies  of  milli¬ 
meter  W'ave  range,  liquid  dielectrics  as  n-nonane  and 
other  similar  substances  are  used.  The  refraction  index 
can  be  controlled  by  system  of  electrodes,  diving 
through  dielectric  conductors  or  by  passing  ultrasonic 
waves.  In  order  to  prevent  sticking  of  metal  particles 
togetlier  fluid  should  circulate,  and  the  controlling 
voltage  should  be  alternative. 

ANTENNAS  WITH  CONTROLLED  LENSES 

Two-Band  Antenna  with  a  Controlled  Lens 

The  antenna  operates  at  tw'o  frequency  bands:  in  band 
FI  it  forms  one  scanning  beam,  and  in  band  F2  < 
Q.5F1  it  forms  one  or  more  non-controllable  beams. 
The  frequency  FI  corresponds  to  tlie  AT-band 
(12...27GHz);  the  scanning  is  earned  out  within  the 
sector  of  70°.  The  operating  frequency  band  of  the  an¬ 
tenna  in  the  AT-band  is  more  than  25%. 

The  ferrite  rods  forming  the  controlled  medium  are 
fixed  directly  on  the  wall  of  an  fZ-sectorial  horn.  Con¬ 
ductors  of  the  system  controlling  magnetization  of  the 
ferrite  rods  are  located  in  a  gaps,  cut  in  the  horn  wall 
under  the  ferrite  rods  along  tlieir  axes.  The  wall  of  the 
horn  is  a  part  of  the  iron  circuit  and  it  provides  short 
circuit  of  magnetic  currents  flowed  through  the  rods. 
The  conductors  of  the  control  system  are  connected 
tlirough  a  hole  in  the  horn  wall  to  the  distributing  sys¬ 
tem  made  as  a  printed  circuit  board  with  chips  placed 
on  it  and  located  on  the  extenal  surface  of  the  horn 
w'alls.  The  matching  of  a  lens  is  provided  by  conic 
tapers  made  on  both  ends  of  ferrite  rods.  In  the  H- 
sectorial  horn  there  a  metal-air  lens  is  placed  made  as  a 
convolution  with  a  parabolic  phase  corrector. 

Effective  vending  of  wann  from  ferrite  rods,  ensured  by 
their  contact  with  the  w'all  of  a  horn,  allows  to  use  such 
a  lens  in  radiators  with  a  high  level  of  mean  power. 
One  more  essential  advantage  of  a  considered  lens  in 
comparison  with  lenses  with  gradient  refraction  index 
change  law,  stipulated  by  periodicity  of  refraction  index 
change  law,  is  absence  of  any  basic  restrictions  on  the 
sizes  of  emanating  aperture. 

Antenna  w  ith  a  Ferrite  Lens  of  a  Reflective  Type 

The  antenna  consists  of  a  feed  horn  and  mirror  with  a 
controlled  reflection  coefficient.  The  mirror  formed  by 
multilayer  slices  touching  each  other  by  their  sides.  The 
phase  of  the  reflected  electromagnetic  wave  from  the 
slices  varies  in  the  plane  of  aperture  according  to  the 
law  providing  focusing  and  deviation  of  beam.  Such  a 
device  is  a  reflective  lens  with  a  controlled  refraction 
index.  Each  of  slices  represents  a  multilayer  design 
including  a  screen  with  controlling  plate,  and  a 
matching  transfonner  in  the  fonn  of  a  dielectric  plate. 
By  drilling  the  phase-controlling  plate  to  partial  deptli. 
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a  periodic  lattice  is  formed  which  consists  of  cylindrical 
rods  and  magnetic  circuit. 

The  same  scanning  device  functioning  at  tlie  whole 
35  70  GHz  frequency  range  htis  been  made  and  tested 
(Fig.  3).  The  module  is  constructed  in  the  form  of 
monolithic  ferro-magnetic  block  with  100  x  100  mm 
aperture  size.  Sector  of  scanning  at  37  GHz  is  60x60°, 
at  60  GHz  —  no  less  than  40x40°,  at  70  GHz  —  no 
less  than  30x30°.  Root  mean  square  deviation  from 
calculated  phase  distribution  on  the  aperture  is  no  more 
than  12°.  Time  of  change  of  beam  direction  is  10  mcs 
when  energ>'  of  switching  (calculated  on  1  cm^  of  the 
aperture  area)  is  no  more  than  40  mcJ. 


Fig.  3.  Ferrite  lens  of  a  reflective  type 


The  constructed  block  is  intended  for  making  con¬ 
trolled  reflection  coefficient  lenses  for  multy- 
frequencies  antennas.  The  used  technolog>'  of  produc¬ 
ing  blocks  allows  constructing  such  antennas  for  the 
frequency  range  up  to  120 ...  140  GHz. 


CONCLUSION 

The  lenses  made  on  the  basis  of  media  witli  electrically 
controlled  refraction  index  are  a  new  type  of  antennas 
that  might  scanning  in  a  wide  angle  sector.  By  their 
principal  electrical  characteristics  they,  potentially,  are 
no  worse  than  the  phased  array  antennas,  and  by  their 
wide  band  capabilities  they  exceed  tlie  phased  arrays. 
The  controlled  lenses  can  be  realized  at  the  whole  mil¬ 
limeter  wave  range.  They  have  a  simpler  design  in 
comparison  with  phased  array  antennas,  and  are  char¬ 
acterized  by  a  high  degree  of  integration  of  elements  in 
the  process  of  production. 
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The  antennas  of  surface  waves,  such  as  dielectric  rod 
radiators,  helix  and  impedance  structures,  have  a  num¬ 
ber  of  features  malting  expedient  their  application  in  a 
number  of  multiband  antennas.  Among  these  features  it 
is  necessary  first  of  all  to  mark  the  following:  rather 
weak  coupling  between  inputs  of  antennas  located  at 
small  distances  (for  example,  in  the  phased  array), 
existence  of  interaction  between  surface  w'aves  of  tlie 
close  located  antennas,  to  great  exient  determining 
their  pattern,  capability  of  functioning  on  waves  with 
various  polarization  and  small  cross-sectional  overall 
dimensions.  Taking  into  account  these  features  the 
possibility  of  using  such  radiators  for  a  construction  of 
dual-band  antenna  array  and  reflector  feed  are  consid¬ 
ered. 

In  antenna  systems  for  receiving  signals  of  a  satellite 
television  in  frequency  bands  (10.9  ...  12.75)  GHz  and 
(3.65  ...  4.2)  GHz  now  it  is  used  the  expensive 
wavegtiide  feeds  with  control  of  polarization  of  a  signal 
by  an  electromechanical  turn  of  connection  loops  of 
coaxial  lines  with  waveguides.  The  representative  of 
such  feeds  is,  for  example,  a  feed  of  the  Chapparal 
corporation. 


Developed  feed  is  designed  to  be  used  in  antennas  wdtli 
f/d  -  0.4,  where  /  is  focal  distance,  d  is  a  reflector  di¬ 
ameter.  The  feed  design  is  shown  in  Fig.  1,  and  draft  of 
a  construction  -  in  Fig.  2.  Feed  consists  of  two  antenna 
elements  with  coinciding  phase  centres:  dielectric  rod 
antenna,  working  in  frequency  band  (10,9  ...  12.75) 
GHz,  and  axial  located  witli  it  helical  antenna  for  band 
(3.65  ...  4.2)  GHz. 


The  rod  dielectric  antenna  is  excited  by  the  circular 
w'aveguide  of  diameter  17  mm  wdth  a  flange  for  con¬ 
nection  of  the  antenna  ampluler  with  two  electrically 
commuted  probes  ensuring  receiving  of  two  signals 
with  orthogonal  linear  polarizations.  In  the  waveguide 
the  capability  of  tlie  installation  of  a  dielectric  plate 
polarizer  for  a  receiving  signals  of  two  orthogonal 
linear  polarizations  is  stipulated.  VSWR  of  a  channel 
in  all  an  effective  band  of  frequencies  does  not  exceed 
1.5. 


The  antenna  of  low-frequency  band  is  made  of  two 
helixes  with  opposite  directions  of  winding.  When 
developing  tlie  two-helix  radiator  the  basic  difficulties 
were  connected  with  ensuring  of  a  good  isolation  be¬ 
tween  helixes.  The  value  of  an  isolation,  as  it  has  been 
determined,  depends  on  two  major  factors.  The  first 
factor  is  an  effectiveness  of  helix  exciters,  i.e.  transition 
from  coaxial  lines  to  opened  helix  waveguides.  The 
second  factor  is  the  reflection  from  the  ends  of  helix.  In 
order  to  reduce  coupling  between  exciters,  diameter  of 
the  first  coils  of  an  external  helix  and  their  step  were 
increased.  The  reduction  of  reflections  from  the  ends  of 
helix  is  reached  by  the  increase  of  a  step  of  the  last  two 
coils.  If  helixes  are  excited  through  a  svritch,  with  the 
help  of  which  the  phase  shift  nil  between  them  is  in¬ 
troduced,  the  linear  polarization  of  a  radiated  field 
turns  into  orthogonal.  The  use  of  one  helix  is  possible. 
Eveiy  helix  radiates  a  wave  with  circular  jjolarization 
with  an  ellipticity  no  more  than  1.5  dB.  The  coaxial 
connectors  which  the  wires  of  helixes  are  cotmected 
with,  are  located  on  a  special  flange.  On  the  same 
flange  the  protective  radiotransparent  radome  is  fixed. 
In  a  case  of  use  of  the  converter  with  waveguide  input 
the  connection  is  made  tlirough  waveguide-coaxial 
transition. 
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The  capabilities  of  a  construction  of  electrically  scan¬ 
ning  antennas,  working  in  several  frequency  bands,  are 
determined  basically  by  appropriate  characteristics  of 
phasing  devices  and  radiators.  At  a  construction  of 
dual-band  antenna  arrays,  for  example,  two  independ¬ 
ent  working  systems  of  radiators  and  phase  sliiflers  are 
used  practically.  Such  a  design,  representing  "array  in 
array”,  is  both  rather  complex  and  not  always  satisfies 
the  requirements  first  of  all  because  of  significant  mu¬ 
tual  coupling  befiveen  radiators  of  various  frequency 
bands.  In  order  to  solve  tliis  problem  in  many  cases 
dielectric  rod  radiators  should  be  used. 

On  the  base  of  the  above  considered  helix-rod  antenna 
the  radiators  of  the  two-frequenc)'  phased  array  can  be 
made.  It  is  clear  that  only  in  a  part  of  radiators  it  is 
necessary  to  use  helixes.  Due  to  weak  mutual  coupling 
between  helixes  and  dielectric  rods  it  is  possible  to 
achieve  not  only  rather  good  isolation  betw’een  fre¬ 
quency  channels,  but  also  to  optimize  the  pattern  of 
array  radiators. 

The  more  simple  design  might  be  realized,  if  dielectric 
rod  antennas  is  used  as  radiators  of  an  array  working  at 
higher  frequency,  and  betiveen  them  on  a  screen  of  a 
array,  slot  radiators  of  a  low-frequency  channel  is  situ¬ 
ated.  The  presence  of  slots,  if  parameters  of  dielectric 
radiators  are  selected  correctly,  practically  will  not 
affect  the  characteristics  of  a  high-frequency  channel, 
as  the  field  in  the  area  of  a  screen,  as  it  has  been  estab¬ 
lished  tlieoretically  and  experimentally,  is  concentrated 
mainly  inside  and  near  to  a  surface  of  a  dielectric  rod. 
The  mentioned  circumstance  allows  also  to  reduce 
considerably  (in  a  comparison  with  a  two-frequency 
array  of  waveguide  radiators)  coupling  between  high- 
frequency  and  low-frequency  channels.  It  is  possible  to 
assume  also,  that  the  presence  of  dielectric  rods  in 
aperture  will  not  significantly  influence  on  the  pattern 
of  an  array  of  slot  radiators  due  to  their  small  electrical 
sizes  at  low  frequency. 

To  check  the  mentioned  supposition  the  measurements 
of  the  pattern  of  the  single  slot  radiator  in  environment 
of  dielectric  rods  were  carried  out.  For  measurements 
the  fragment  of  a  dielectric  rod  array  was  used,  in 
which  tlie  slot  radiator  was  enclosed  by  three  rings  of 
dielectric  rod  radiators.  In  Fig.  3  the  measured  patterns 
of  the  slot  radiator  in  two  main  planes  are  given.  For  a 
comparison  measurements  of  the  pattern  of  the  slot 
radiator  on  a  screen  without  dielectric  rod  radiators  also 
were  carried  out. 


The  measurements  have  shown  the  absence  of  any 
essential  features  of  the  pattern  of  the  slot  radiator, 
enclosed  by  dielectric  rods. 

REFERENCES 

1.  Walter  C.  Travelling  wave  antennas. 
Moscow, "Energija",  1970,  447  p.p.  [in  Russian]. 

2.  Voskresenskiy  D.I.,  Ponomarev  L.I.  Multifre¬ 
quency  scanning  antenna  ar- 

rays//Radioelcctronika.-1981,  V.24,  N92.-p.p.  4-15. 
fin  Russian]. 

3.  Bei  N.A.,  Khandamirov  V.L.,  Feed  for  communi¬ 
cation  antennas,  Proceedings  of  The  XXVIII  Mos¬ 
cow  International  Conference  on  Antenna  Theory 
and  Technology,  Moscow,  1998. 


Proceedings  of  the  3rd  International  Conference  on  Antenna  Theory  and  Techniques,  Sevastopil,  Ukraine,  8-11  Sept.  1999 


TIME-DOMAIN  ANTENNA  STUDIES  FOR  VIDEOPULSE  SUBSURFACE 
RADARS 


A.  A.  Boryssenko 

Scientific  research  company  Diascarb,  P.O.  Box  370,  Kyiv,  253222,  Ukraine, 
E-niail:  diascarb@public.ua.net 


ABSTRACT 

The  results  of  time-domain  theoretical  and  experimen¬ 
tal  studies  of  ultra-wide  band  antennas  witli  impulse 
excitation  in  radiating  and  receiving  modes  are  pre¬ 
sented.  The  antennas  under  consideration,  like  a  mono¬ 
pole  antenna,  a  dipole  antenna  and  a  hom-like  antenna, 
are  used  widely  for  high-resolution  videopulse  subsur¬ 
face  (ground-penetrating)  radars  and  should  be  oper¬ 
ated  near  tire  border  behveen  two  medias  with  different 
electrical  properties. 

PROBLEM  MOTIVATION  AND  DESCRIPTION 

Subsurface  (ground-penetrating)  radars  of  the  30  MHz 
-  5  GHz  operation  frequency  band  are  at  present  a 
rapidly  growing  smart  technology  of  remote  noninva- 
sive  sensing  and  probing  applied  to  study  tire  Eartli 
interior  regions,  as  well  as  others  opaque  matters  vrith 
non-strong  attenuation  of  sounding  electromagnetic 
signals  [1].  In  order  to  achieve  high  level  of  spatial 
resolution  in  radars,  ultra-wide  band  sounding  signals 
are  used  implemented  in  time-domain  region  by  vid¬ 
eopulse  signals  (signals  without  frequency  carrier  or 
nonsinusoidal  signals)  which  fonn  by  shock  excitation 
of  antennas. 

The  antennas  are  ones  of  the  key  elements  of  radar’s 
equipment  that  determines  main  system  features  like 
performance  factor,  receiver-operating-characteristics 
etc.  In  contrast  to  common  radars  of  frce-space  opera¬ 
tion,  radars  discussed  should  be  operated  near  tlie  bor¬ 
der  of  the  two  half-spaces  «air  media  -  subsurface  me¬ 
dia  (Fig.  1),  that  causes  serious  perturbation  of 
antenna’s  features: 

1)  energy  and  pattern  working  properties  of  antenna 
are  formed  under  strong  influence  of  operation  en¬ 
vironment; 

2)  searching  objects  in  media  under  investigation  may 
be  located  in  the  near-region  of  antenna  and  should 
be  detected  by  radar  also; 

3)  tliere  are  some  statistical  roughness  of  surface  of 
border  between  two  media  and  heterogeneity  of  me¬ 
dia  under  investigation  that  disturbs  antenna’s  fea¬ 
tures; 

4)  localized  scatters  in  subsurface  region,  as  well  as 
ones  in  outer  air  space  caused  distortion  of  antenna 
operation  features  also; 


5)  complex  modes  of  wave  propagation  and  scattering 
may  be  appeared  near  the  border  betw'een  two  media 
like  multipath  propagation,  lateral  waves,  disper¬ 
sion  events  and  so  on. 

The  radar’s  antermas  should  be  maintained  their  main 
operation  function  in  radars  under  influence  of  dis¬ 
cussed  working  conditions,  i.e.  to  radiate  and  to  receive 
electromagnetic  signals  of  given  spatial-temporal  per¬ 
formances,  for  instance,  a  short-duration  videopulse 
electromagnetic  signal  to  obtain  a  high-resolution  ra¬ 
dar’s  features  for  definite  angular  survey  sectors  of 
controlled  media  etc. 


Fig.  1.  Schematic  presentation  of  problem  of 
noninvasive  studying  of  matter  with  a  hidden  object  in  it 
by  subsurface  radar  with  impulse  Tx/Rx  antennas 


PROPERTIES  OF  VIDEOPULSE  ANTENNAS 

Let  consider  firstly  the  main  regularities  that  are  com¬ 
mon  for  ultra-wide  band  impulse  antennas  with  shock 
excitation,  which  operate  in  air-filled  free  space  as  well 
as  near  a  border  between  two  dielectric  half-spaces.  At 
tlie  same  time,  tliose  regularities  are  quite  different  to 
ones  tliat  are  peculiar  to  ordinary  antennas  with  sinu¬ 
soidal  excitation: 

1)  there  is  a  time-dependent  or  transient  operation 
mode  of  impulse  (videopulse)  antenna  when  its 
working  features  are  implemented  in  act  of  short- 
timed  shock  excitation; 
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2)  shock  excitation  of  transmitting  antenna  is  due  to 
source  of  impulse  driving  signal,  while  excitation  of 
receiving  antenna  is  realized  by  an  external  incident 
electromagnetic  field  of  impulse  nature; 

3)  a  key  moment  of  impulse  antennas  operation  is 
given  transfonnation  of  signal’s  waveform  due  to 
inherent  physics  of  transient  electromagnetics  in  ra¬ 
diating  and  receiving  antennas  [2,3]; 

4)  transmitting  and  receiving  antennas  demonstrate 
principal  different  features  and  a  reciprocity  princi¬ 
ple,  used  widely  for  sinusoidal  antennas,  is  not  ap¬ 
plied  in  this  case  at  all  and  both  antennas  demand 
special  cares  to  explore  them  [4]; 

5)  waveforms  of  radiating  and  receixang  signals  by 
antenna  are  strictly  dependent  on  distance  and  di¬ 
rection,  especially  for  the  near-range  operation 
modes  that  is  common  for  subsurface  radars; 

6)  directivity  features  of  impulse  antennas  in  the  far- 
range  can  be  described  by  energy  patterns  that  are 
determined  by  the  auto-correlation  functions  of  ex¬ 
citation  signals  entirely  [2]; 

7)  practical  implementation  of  impulse  antennas  is 
realized,  as  a  rule,  by  their  integration  with  elec¬ 
tronics  component  of  transmitter  and  receiver  units 
and  a  concept  of  active  antenna  is  used; 

A  time-domain  consideration  of  impulse  antennas  is 
more  adequate  to  the  physical  nature  of  events  studied 
in  contrast  to  more  commons,  traditional  in  some  de¬ 
gree,  investigations  in  a  frequency-domain.  While  from 
general  point  of  view  a  impulse  response  and  a  complex 
spectral  frequency  response  are  matliematically 
equivalent,  but  corresponding  time-domain  theoretical 
models  and  experimental  techniques  applied  to  prob¬ 
lems  under  investigation  in  this  work  are  more  easy  by 
their  implementation  in  time-domain  than  similar  ones 
infrequency-domain  [5], 

A  some  classification  of  operation  modes  of  impulse 
antennas  in  subsurface  radars  can  be  based  on  the  fea¬ 
tures  of  their  excitation  determined  by  impedance 
matching  of  both  the  arms  of  antenna  achieved  like  it  is 
shown  in  Fig.  2  for  a  simplest  monopole  antenna. 


a  b  c 

Fig.  2.  Operation  modes  of  impulse  monopole  antenna 
due  to  its  matching  achieved:  a  single-pass  excitation  or 
travelling-wave  mode  (a);  a  two-pass  excitation  mode 
(b);  multi-pass  excitation  or  standing-wave  mode  (c) 


Let  note  that  a  match  of  opened  end  of  antenna  is  pro¬ 
vided  by  a  lumped  or  distributed  resistive  adsorber, 
while  match  of  antenna  terminal  port  is  put  into  prac¬ 
tice  by  special  means  of  microwave  electronics  circuits 
in  an  output  stage  of  transmitter  and  an  input  stage  of 
radar  receiver. 


For  example,  an  elevation  electric  component  of  tlie 
far-region  radiated  electromagnetic  field  produced  by  a 
monopole  antenna  in  the  free  space  (Fig.  3)  with  the 
travelling-wave  excitation  mode  (Fig.  2a)  by  a  signal 
with  given  wavefonn  s(t)  can  be  expressed  [4]: 


EQ(p,®,t,La)  = 


sm0 
1  -  cos  0 


s(t  —  - —(1  -  cos  0)) 

c  c  c 


(1) 


and  similarly,  a  load  current  of  monopole  receiving 
antenna  with  travelling-wave  excitation  mode  also  that 
excited  by  external  incident  impulse  electromagnetic 
field  with  given  impulse  waveform  E(t)  is  determined 
by  the  following  analytical  expression  [4]: 


1  -  COS  ©  W 

•  {e(/  -  Laic)  -e{t-  Laic-  cos©)} 


where  e{t)  =  J E{t)dt ,  c  is  the  light  velocity  constant. 


Note,  that  the  presented  expressions  (1)  and  (2)  demon¬ 
strate  quite  principal  difference  in  radiating  and  recep¬ 
tion  cases  concerning  various  regularities  of  transfor¬ 
mation  of  primary  wavefonns  of  applied  exciting 
signals  due  to  integration  in  (2)  [4].  Among  antennas’ 
structures  used  in  videopulse  subsurface  radars  those 
ones  shown  in  Fig.  4  are  applied  namely. 


Fig.  3.  General  geometry  of  radiation  problems  under 
consideration  for  monopole  of  length  La  =  L2  -  L1 


Environmental  effects  on  antenna’s  features  caused  by 
a  sounding  media  with  quite  different  its  electrical 
properties  in  contrast  to  air-filled  half-space  ones  are 
significant  aspect  to  study  the  impulse  antennas  of 
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subsurface  radars.  In  general,  this  problem  is  complex 
electromagnetics  one,  but  there  is  some  opportunities  to 
solve  it  approximately  based  on  an  approach  discussed 
later.  It  is  possible  to  estimate  a  slow-wave  factor  to 
describe  some  decelerating  of  electromagnetic  signal  in 
antenna  considered  as  some  equivalent  transmission 
line  (Fig.  5).  A  magnitude  of  this  factor  obtained  can  be 
used  to  modify  a  velocity  of  excitation  signal  in  (l)-(2) 
and  analogous  expression,  as  well  as  to  evaluate  focus¬ 
sing  effects,  produced  by  a  redistribution  of  electro¬ 
magnetic  field  energy  in  a  cross-section  of  equivalent 
transmission  line  (Fig.  5).  The  last  causes  finally  a 
some  modification  of  antenna  pattern  doing  it  inward  to 
a  sounding  media  in  most  degree. 

I  T 

I  ▲ 

a  b 

Fig.  4.  Antenna's  structure:  dipole  antenna  (a); 
bow  -tie  antenna  (b);  horn-like  antenna  (c) 


Fig.  5.  Estimation  of  a  slow-wave  factor  of 
electromagnetic  signal  propagation  along  antenna  that 
is  presented  by  an  equivalent  strip  line  spaced 
over  a  dielectric  hulf-space 


EXPERIMENTAL  STUDIES 

A  time-domain  experimental  technique  has  sufficient 
benefit  in  comparison  with  frequency-domain  experi¬ 
mental  investigations  due  to  the  fact  that  the  time- 
domain  examinations  can  be  accomplished  in  ordinary 
laboratory  rooms  without  necessity  to  use  special  veiy 
expensive  anechoic  chambers.  In  tliis  case,  interference 
scattering  electromagnetic  events  caused  by  various 
external  objects,  laboratory’s  walls  etc.  can  be  elimi¬ 
nated  by  a  simple  temporal  range  gating  applied  to  a 
signal  received  [5]. 

In  order  to  present  the  author’s  time-domain  experi¬ 
mental  studies,  the  waveforms  signals  measured  in  an 
radio  link  formed  by  a  pair  of  the  identical  bow-tie 
antennas  in  a  transmitter  and  receiver  subassemblies  of 


radar  to  detect  hidden  objects  in  vegetation  is  shown  in 
Fig.  6.  The  corresponding  testing  procedures  were 
being  conducted  by  a  special  own-designed  antenna’s 
test  bench  based  on  a  nanosecond  pulse  generator  and  a 
stroboscopic  receiver  unit  with  digital  data  registration 
by  computer  ADC/DSP  card. 
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Fig.  6.  Measured  waveform  in  a  radio  link  formed  by  the 
two  identical  bow-tie  antennas  like  one  in  Fig.  4b: 
without  reflector  (a);  with  reflector  (b) 
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Abstract:  The  time  dependent  Green’s  function 
boundary  problem  for  a  semi-infinite  perfectly  con¬ 
ducting  slotted  cone  placed  on  the  impedance  plane  is 
considered.  This  geometry  can  be  regarded  as  a  suitable 
three-dimensional  model  of  slotted  cone  antennas  and 
wire  antennas  situated  on  the  imgomogenous  plane. 
The  solution  method  is  based  on  using  the  Laplace 
transform,  the  Kontorovich-Lebedev  transform  and  the 
Rieman-Hilbert  method.  The  Green’s  function  repre¬ 
sentations  are  derived  for  the  “partly  penetrable”  cone. 
The  boundary  problem  spectrum  and  the  plane  contri¬ 
bution  are  investigated. 


INTRODUCTION 

The  problem  of  electromagnetic  pulse  radiation  and 
excitation  of  open  structures  placed  near  inliomogenous 
bodies  is  of  great  interest  for  many  applications  such  as 
antenna  technology,  communications  and  others.  In 
fact,  the  problem  solution  needs  to  construct  the  ade¬ 
quate  mathematical  model  of  the  physical  process.  It’s 
well  known  tliat  the  dyadic  Green’s  function  is  a  useful 
tool  for  researching  the  interaction  of  electromagnetic 
fields  with  several  physical  geometries.  The  purpose  of 
this  study  is  to  find  the  time-dependent  Green’s  func¬ 
tion  for  a  semi-infinite  circular  perfectly  conducting 
periodically  slotted  cone  placed  on  the  impedance 
plane.  The  cone  structure  under  consideration  is  a 
model  of  wire  and  slot  wide-band  antennas  with  con¬ 
trolled  radiation  diagram  and  polarization. 


FORMULATION  AND  METHOD 

In  spherical  coordinate  system  r,S,(p  the  infinite  cir¬ 
cular  cone  I)  witli  N  periodical  slots  cut  along  gen- 
eratricies  is  defined  by  tlie  equation  9  =  y  and  the 
impedance  plane  S2  ^  •  "^he  cone  structure  pe¬ 

riod  /  =  2n/N  and  the  slot  width  d  are  values  of  dihe¬ 
dral  angles  formed  planes  passing  tlirough  the  cone 
axis  and  cone  strip  edges. 

The  Green’s  function  G(F,F0,tdo)  satisfies: 


1)  the  four-dimensional  partial  differential  equation 


,2  A 


A- 


1  d 


2)  the  Dirichlet  boundaiy  condition  on  the  cone  strips 
and  the  boundary  condition  on  the  plane  S2 

(g.CW|-g)=o. 

where  Q  =  (^{F)  is  the  given  function; 

dCj 

3)  initial  conditions  G  =  —  =  0 ,  t  <  tg  ; 


4)  infinity  condition  at  r  00  ; 

5)  singularity  conditions  (the  cone  tip,  strip  edges). 


The  solution  for  G  can  be  written  as  the  sum  of  a  free- 
space  field  Go(r,ro,/,to)  and  a  scattered  field 
Gi(F,/^,/,ro),  due  to  the  presence  of  the  cone  and  the 
plane: 

G  (F ,  Fq  ,  f f 0  )  =  Go  (r ,  q, ,  r , /q  ) -(- Gj  (F,  Fq  ,  t,  to  ) 

> 

Go  (g  >  L  fo )  = =  I?  - 'i)  1 , 
f  = 

c  is  the  light  velocity.  The  plane  impedance  is  as- 
smned  to  be  Q^F)  =  .  X  =  const.  The  time-dependent 
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response  due  to  a  point  source  in  the  presence  of  the 
slotted  cone  on  the  impedance  plane  can  be  found 
through  die  Laplace  inversion  of  the  time-harmonic 
Green’s  function  [1,2],  The  stationary  boundary  prob¬ 
lem  solution  is  based  on  using  the  Rieman-Hilbert 
method  and  the  Kontorovich-Lxbedev  transfonns  [3,4] 

0 

fir)  "T  1  dx , 

where  is  the  Macdonald  function.  It  follows. 


RESULTS 

For  the  “partly  penetrable”  cone  that  is  defined  by  ex¬ 
istence  of  the  limit 

lim  Infill  =  (2, 

N  \  I  ) 

we  obtain 


1 


+O0  +<» 


^xtlmxd"^Wjf  {cos9)P  j  {chb)dx- 


0 


Gj  =- - T1  T - X 


too  • 

{chb)dx 

X— '  J  - +;t 


»;=-oo  0 


r  — m  +  /T 


r  — +/W+/X 

U 


P'”  (cos0o)p'”,  (-cosy). 


chb(T) 


-2  2  2  2 
_x^c  -r  -/-() 


^  a„,„  (x)P”f  (cos  <  9  <  y 

n=-oo  2"*'''' 

g®„(Ty('"™>'.r<3<»/2 

rj-~co 

- t-/x 

2 

?.,.W2’T”'(-cos8) 


P^iy)  are  associated  Legendre  functions,  r(z)  is  a 
gamma-fiinction,  ti(x)  is  the  Heviside  function, 
-unknown  coefficients.  Applying  bound¬ 
ary  conditions  and  continuity  conditions  for  G  and 
5G/99  in  slots  gives  connections  betw'eenp„„,^OT„ 
and  a„„  .  The  coefficients  o.„„  satisfy  the  infinity 
system  of  linear  algebraic  equations  [4].  The  system 
solution  can  be  obtained  via  the  reduction  method  for 
any  problem  parameters  and  with  the  iteration  one  in 
case  of  a  “partly  penetrable”  cone  too. 


''  +  '0 

—  T)  X - 

r  \  c 


+00  +<* 


I  J' 

w=-oo  0 


Tthnzdir 


(cos9)-P'”j  (-cosS)  dx 


y  <  9  <  Till , 


^"1  (cos9^»=„/2 

- f./X  - +/X 

yW  _  2 _ 2 _ _ 

p\  (cos9^s=„/2 

- +/T  - +/X 

2  2 

P"\  (cosy) 

/  ^  - 

D™  _  2 _ 

P"[  (-cosy) 


r  -  +  ir-m 

r  -4-rr-i- w 

U  ) 

P”  (cosy)P”  (-cosy) 

— 4»T  '  — +/r 

To  simplify  the  general  result,  we  assume  that  the 
source  point  is  located  on  the  cone  axis,  i.e., 

So  =  0  ’  To  0 


„  c  r  +  ro  ] 

Gj  =-- — -11  X - —  X 


TW 

\xthnxWf.P  .  (cos9)P  1  {chb)dx 

J  - +iT 
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Anrrn 


ri  T- 


•fcO 


J  zthnz 


A, 


20+4 

! 

'\di 


Wj^P  j  {cosv'l)-P  J  (-cosS) 

- Hx 

2 

Y  <9  <7t/2 , 


- Hx 

2 


o^  =  Pl  (0)-xfli'-7V;  (0),a  =0; 

--f-H  1,  4J  -i+^  J 

The  term  with  (cos  9)  in  the  integral  repre- 

-P+ix 

2 

sentation  for  Gj  describes  the  effect  of  tlie  impedance 
plane  on  radiation  from  the  slotted  cone. 


CONCLUSIONS 


By  using  the  residue  theorem  w’e  can  derive  series  rep¬ 
resentations  for  Gi  [2],  The  boundary  problem  spec¬ 
trum  for  the  “partly  penetrable”  cone  placed  on  the 
impedance  plane  is  defined  by  roots  \kj  =Py  (Y,0,x)of 

the  equation  +  2^  =  0 .  One  may  determine  these 

roots  asymptotically  for  cases  of  the  “partly  penetrable” 
cone 


Q«\ 


\i)=a)-2Q 


cos  Till 


— +a , 
2  •' 


+  0^^)p  i^^^(cosy), 

COS 


■kP  1  (-cosy) - P  1  (cosy) 

d\lj  --+H; 


26- 


P  1  (0)-X7r/^  1  (cos94.„/2 


+01 


TiP  1  (cosy)^F 

dc,j 


P  1  (-cosy)-P  1  (cosy) 


r++ 


P,  (0)- 


P  1  (-cosy)+P  1  (cosy) 
^  --+n 


— +n 

2 


-O.c; -q/y,x); 

2  ^ 

6»i 

TiP  1  (cosy)  p 

P  1  (cosy) 


M  .  =  u  ,  H - * - - 

■'  ^  IQ  d 


cosTtu, - a, 

^  d^:>J  ^ 


- +U  V 

2  ^ 


2^1  (0)  +  xo]-^p-i  (0) 


+  0 


The  algorithm  for  finding  the  time-dependent  Green’s 
function  of  the  pulse  excitation  problem  for  the  sem.i- 
infinite  circular  perfectly  conducting  periodically  slot¬ 
ted  cone  placed  on  the  impedance  plane  is  proposed. 
The  solution  method  is  based  on  using  the  Laplace 
transform,  the  Kontorovich-Lebedev  transform  and  the 
Rieman-Hilbert  metliod  for  a  unit  circle  arc.  It  is  shown 
that  the  boundary  problem  is  reduced  to  solving  the 
infinite  system  of  algebraic  equations.  For  the  “partly 
penetrable”  cone  the  time-dependent  Green’s  function 
representation  is  obtained  in  integral  form. 
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ABSTRACT 

A  theoretical  study  of  radiation  patterns  distortions 
caused  by  lateral  metallization  truncation  in  open  lon¬ 
gitudinally  inhomogeneous  slot  structures  on  dielectric 
substrates  is  presented.  The  study  is  carried  out  on  the 
base  of  mathematical  models  obtained  by  Hybrid  Finite 
Element  Method  and  Galcrkin  metliod  in  spectral  do¬ 
main  with  taking  into  account  all  surface  waves. 

INTRODUCTION 

Large  frequency  bandwidth,  compatibility  with  micro- 
wave  integrated  circuits,  light  weight  and  geometric 
simplicity  are  among  the  most  crucial  requirements  for 
antennas  designed  for  some  specific  applications,  such 
as  airborne  radars  and  communication  systems.  The 
tapered  slot  antenna  (TSA)  is  one  of  the  most  desirable 
candidates,  which  can  satisfy  these  demands.  The  most 
attractive  features  of  the  TSAs,  in  contrast  to  other 
kinds  of  planar  antennas,  are  capability  to  work  over  a 
large  frequency  bandwidth  and  producing  a  symmetric 
endfirc  beam. 

The  use  of  endfirc  tapered  slot  antennas  for  wde- 
band/wide-scan  phased  arrays  was  proposed  more  than 
two  decades  ago  [1].  These  arrays  offer  one  of  the  best 
opportunities  for  realizing  wide-bandwidth,  wide- 
scanning  phased  arrays,  but  their  development  has  not 
progressed  nearly  as  rapidly  as  the  initial  promising 
results  suggested.  Although  several  arrays  [2-4]  of 
tapered  slot  antennas  have  been  built  and  tested,  propa¬ 
gation  and  radiation  physical  phenomena  of  electro¬ 
magnetic  waves  in  single  TSA  were  not  yet  well  under¬ 
stood.  An  attempt  to  identify  and  explain  tliese 
phenomena  in  open  longitudinally  inhomogeneous  slot 
structures  on  dielectric  substrates  was  made  in  [5]. 
Investigations  [5]  are  carried  out  on  the  base  of  mathe¬ 
matical  model  [6],  which  ideally  valid  for  infinite  lat¬ 
eral  metallization,  but,  nevertheless,  gives  sufficiently 
accurate  results  when  the  half  lateral  dimension  of 
metallization  is  at  least  three  free  space  wavelengths.  It 
has  been  observed  experimentally  [7],  that  the  radiation 
pattern  exhibits  some  interesting  features  as  the  an¬ 
tenna  is  truncated  laterally. 

The  purpose  of  this  paper  is  a  theoretically  study  of 
radiation  patterns  changes,  caused  by  lateral  metalliza¬ 


tion  tnmeation  in  open  longitudinally  inhomogeneous 
slot  structures  on  dielectric  substrate, 9. 

RESULTS  AND  DISCUSSIONS 

Owing  to  tlie  surface  nature  of  wave  propagation  the 
radiation  mechanism  of  slot  antenna  on  dielectric  sub¬ 
strate  corresponds  to  Uie  radiation  mechanism  of  sur¬ 
face-wave  antennas.  It  is  well-known  from  the  general 
theory  of  traveling  wave  antenna,  that  slight  change  in 
the  phase  velocity  can  have  considerable  influence  on 
radiation  characteristics.  Influence  of  phase  velocity  on 
radiation  characteristics  of  tapered  slot  antennas  on 
dielectric  substrates  has  been  investigated  for  LTSA 
and  “Vivaldi”  performed  on  the  substrate  0.23  mm 
(0.0092X,o)  thick  with  62.5  mm  (2.5Xo)  aperture  width, 
25.0  (l.OLo)  taper  lengtli  at  the  frequency  of  12.0  GHz 
for  different  dielectric  permittivities.  One  can  see 
(Fig.  1),  that  for  electrically  “tliin”  substrate  the  phase 
velocity  is  only  slightly  less  than  velocity  of  light  and 
within  taper  length  practically  does  not  alter  (tlie 
change  is  only  1.5%),  while  for  electrically  “thick” 
substrate  the  phase  velocity  is  considerably  less  than 
velocity  of  light  and  changes  more  than  8.0  %. 


c/v 


Section  number 

Fig.  1 

Study  of  contribution  into  radiated  far  zone  field  from 
individual  sections  and  relationship  of  these  contribu¬ 
tions  in  terms  of  length  for  different  normalized  effec¬ 
tive  substrate  width  (i.e.  phase  velocities)  is  of  great 
interest.  The  normalized  values  of  the  contribution  into 
radiated  far  zone  field  (Fig.  2)  much  less  along  the 
whole  taper  for  greater  value  of  normalized  effective 
substrate  width,  because  of  the  field  is  close  to  tlie  unit 
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and  radiation  occurs  mainly  from  the  aperture.  This 
results  in  the  fact,  that  tlie  first  sidelobe  level  in  E- 
plane  (Fig.  3)  changes  by  about  71  percent  for  a  15 
percent  change  in  the  phase  velocity  for  LTSA,  caused 
by  vaiying  dielectric  permittivity  from  2.2  to  9.8. 

|E|/[Eol  1.0  0.9  0.8  0.7  0.6  0.5  0.4  0.3  0.2  0.1  0.0 


Distance  from  aperture 


Fig.  2 

F(©), 


The  radiation  mechanism  of  tire  “Vivaldi”  antenna  and 
other  tapered  slot  antennas  on  dielectric  substrates  is 
highly  dependent  on  the  diffraction  of  the  electromag¬ 
netic  waves  at  the  end  of  the  aperture.  This  important 


phenomenon  is  taking  into  consideration  by  the 
mathematical  model  [6].  Such  a  diffraction  also  occurs 
when  the  metallic  plane  of  a  slot  antenna  is  finite.  The 
correct  modeling  of  these  phenomena  is  needed  for  a 
correct  modeling  of  the  endfire  radiation. 


To  illustrate  the  effect  of  radiation  characteristics  dis¬ 
tortions,  caused  by  lateral  metallization  truncation,  we 
consider  air  case  of  CWSA  (Fig.  4-7)  and  LTSA  (Fig. 
8,  9)  with  20.0  mm  aperture  width,  2.0  mm  input  slot 
width,  30.0  mm  taper  length  at  the  frequency  of  10.0 
GHz  for  various  dimensions  of  metallization.  £-plane 
radiation  patterns  for  CWSA  with  finite  metallization 
are  compared  with  those,  obtained  by  using  mathemati¬ 
cal  model  of  [6],  which  assume  infinite  lateral  metalli¬ 
zation  (bold  solid  curve).  Agreement  with  the  bold  solid 
curve  changes  from  good  to  sufficient  for  CWSA  with 
half  metal  width  which  equal  to  ten  (Fig.  4)  or  two- 
three  (Fig.  5)  free  space  wavelengths  respectively.  It 
has  been  found,  that  when  the  half  metal  width  greater 
than  one  free  space  wavelength  and  doesn’t  equal  to 
integer  number  of  wavelength,  radiation  pattern  can 
has  gap  in  endfire  direction  (Fig.  6).  This  phenomenon 
can  be  partially  explain  using  the  theory  of  radiation  of 
vibrators.  Lateral  truncation  results  mainly  in  an  E- 
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plane  beamwidth  that  is,  in  most  cases,  considerably 
narrower  than  the  one  obtained  using  an  antenna  with  a 
large  metallization  width  (Fig.  7).  LTSA  shows  analo¬ 
gous  dependencies. 


F(0), 


F(0), 


CONCLUSIONS 

The  effects  of  radiation  patterns  distortions  caused  by 
lateral  metallization  tnmcation  in  open  longitudinally 
inhomogeneous  slot  structures  on  dielectric  substrates 


are  observed.  Radiation  characteristics  of  the  slot  an¬ 
tennas  are  strongly  dependent  on  lateral  dimensions  of 
metallization.  A  deep  study  of  physical  phenomena  and 
reasons,  that  cause  the  strong  radiation  pattern 
changes,  is  in  progress.  At  present  we  can  conclude, 
that  only  slot  antennas  with  a  wide  lateral  metallization 
are  capable  to  work  in  tiro  endfire  radiation  mode  over 
multi-octave  frequency  band. 
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INTRODUCTION 

The  rapid  development  of  TV  broadcasting,  increasing 
a  number  of  operating  channels,  improving  of  TV  pro¬ 
grams  quality  and  availability  of  high  quality  TV  re¬ 
ceivers  put  the  problem  of  developing  dual-band  VHF 
(174-230  NIHz)  and  UHF  (470-790  MHz)  antennas 
with  high  gain  and  good  matching  in  both  operating 
frequencj’  bands. 

The  paper  gives  one  possible  way  to  solve  the  problem, 
namely,  using  a  combined  dual-band  logperiodic  an¬ 
tenna  with  V-dipoles  providing  required  radiation  per¬ 
formances  in  VHF  range  at  the  basic  hannonic  and  in 
UHF  range  at  the  third  one. 

RESULTS  AND  DISCUSSIONS 

The  antenna  consists  of  vibrators  located  in  one  plane 
under  a  definite  angle  to  each  other.  The  antenna  oper¬ 
ates  at  6-12*  TV  channels  (174-230  MHz)  and  at  21- 
60*  TV  channels  (470-790  MHz).  A  central  vibrator’s 
length  is  approximately  equal  to  L/2  at  the  average 
frequency  of  the  6-12*  TV  channels  and  to  3X/2  an  the 
average  frequency  of  the  21-60*  channels. 

At  the  third  harmonic  input  impedance  of  a  dipole  of 
an  active  zone  is  approximately  equal  to  its  impedance 
at  half-wave  resonance  tliat  provides  rather  good 
matching  with  a  feeder.  An  angle  between  the  vibrators 
is  chosen  to  be  approximately  120° .  The  necessity  of 
providing  such  angle  is  caused  by  the  following.  Ra¬ 
diation  pattern  of  a  linear  dipole  of  length  7J2  in  hori¬ 
zontal  plane  looks  like  an  “eight”  directed  along  the 
axis  of  the  antenna.  For  the  21-60*  channels  at  the 
dipole  length  equals  3A,/2  main  lobe  of  the  radiation 
pattern  is  bifurcated  and  in  the  axial  direction  a  gap  in 
radiation  pattern  arises.  To  obtain  end-fire  radiation 
pattern  dipoles  must  be  inclined  towards  the  antenna’s 
axis.  This  provides  not  only  the  filling  the  gap  in  tlie 
main  lobe,  but  decreasing  backward  radiation  as  well 
and,  as  a  result,  tlie  dipole  at  the  21-60*  TV  channels 
has  higher  directivity  than  at  the  6-12*  ones. 

The  theoretical  investigation  of  antenna’s  performances 
have  been  carried  out  by  utilizing  the  program  NEC  [1] 
designed  to  calculate  ware  antennas  of  various  types. 
The  program  allows  to  calculate  antenna’s  directivity, 
radiation  pattern  and  matcliing  in  an  operating  fre¬ 
quency  band.  The  12*  ,  11*  ,  10*  ,  and  8*  element 


antennas  with  parameters  cr  and  r  varying  within 
some  limits  have  been  studied. 

Note  that  parameter  cr  is  a  distance  (in  wavelength) 
between  half-wave  and  neighboring  dipoles  and  pa- 

4o 

rameter  r  is  determined  by  the  formula  t  =  1 - , 

ctga 

where  a  is  an  angle  between  anteima  axis  and  a  line 
passing  through  dipoles  ends. 

Results  of  the  parametric  study  show  that  directivity 
grows  with  increasing  value  of  parameter  cr  and  be¬ 
comes  stable  in  a  frequency  range  when  the  parameter 
r  =  0.94-0.96.  For  r  =  0.90,  0.92  and  0.98  directivity 
is  non-stable  in  UHF  band  and  has  its  maximum  at  the 
boundaries  of  the  frequency  band.  For  r=  0.98  the 
highest  directivity  is  achieved  (up  to  14  dB)  but  in  a 
narrow  frequency  range.  In  VHF  band  more  stable 
directivity  can  be  provided  when  cr=  0.04  -0.08  and 
r-  0  90-0.96.  For  r-  0.98  there  is  a  essential  de¬ 
creasing  of  directivity  at  the  end  of  VHF  band.  This 
leads  to  optimal  values  of  cr  =  0.04-0.06,  and  r  = 
0.94-0.96. 

Radiation  characteristics  of  the  antenna  also  depend  on 
the  angle  a .  Decreasing  tlie  angle  a  and  increasing 
structure  period  cause  increasing  the  antenna  gain  and 
decreasing  back  and  side  lobes  levels.  However,  it 
stipulates  increasing  overall  dimensions  and  weight  of 
the  antenna.  Thus,  the  angle  la  and  tlie  period  of 
structure  should  be  chosen  proceeding  from  the  condi¬ 
tion  of  compromise  between  overall  dimensions  and 
weight,  from  one  hand,  and  radiation  characteristics 
from  tlie  other.  So,  the  parameters  a  and  r ,  which 
define  dimensions  and  geometric  structure  of  tlie  log- 
periodic  antenna,  are  chosen  in  such  a  way  to  provide  a 
sufficient  gain  and  low  side  lobes  levels  for  permissible 
overall  dimensions  and  weight  of  the  antenna. 

In  order  to  verify  the  results  of  tlieoretical  investiga¬ 
tions  an  antenna  prototype  having  12  dipoles  has  been 
designed  and  fabricated.  The  antenna  prototype  char¬ 
acteristics  are  stated  below. 

The  parameters  t  and  cr  have  been  chosen  proceeding 
fi-om  tlie  theoretical  optimal  values,  namely  cr  =  0.06 
and  T  =  0.94.  This  values  of  parameters  r  and  cr 
should  provide  near  uniform  directivities  lOdB  in  UHF 
band  and  7dB  in  VHF  band. 
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Directivities  of  the  antenna  prototjpe  versus  frequency 
in  VHF  band  and  in  UHF  band  are  shown  in  Fig.  1  and 
Fig.  2  respectively.  One  can  see  in  these  figures  that 
directivities  in  both  frequency  bands  are  fairly  stable 
and  theoretical  and  measured  results  are  in  reasonable 
agreement. 

Radiation  patterns  of  the  antenna  prototype  has  also 
been  measured.  Calculated  and  experimental  results  of 
radiation  patterns  in  H-  and  FJ-plane  at  650  MHz  are 
shown  in  Figs.  3-4. 


The  theoretical  and  experimental  results  are  found  to  be 
in  general  agreement. 
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In  relation  to  the  using  of  ultrawidcband  signals  in 
radar  and  radioconnnunication  there  appeared  a  variety 
of  mathematical  methods  for  solving  the  problems  for 
such  signal  radiation  and  propagation.  One  of  them  is 
the  method  of  evolutionary  equations  relating  to  the 
analytical  methods  in  time  domain. 

The  essence  of  the  method  is  that  the  basis  for  electro¬ 
magnetic  field  expansion  is  constructed  in  cross- 
section.  This  permits  to  represent  the  field  in 
waveguide  or  free  space  as  a  package  of  the  modes  and 
to  trace  their  changes  with  longitudinal  coordinate  and 
passage  of  time.  This  requires  to  solve  the  evolutionary 
equation  ^stem  that  represents  the  second-order  partial 
differential  equations  of  Klein-Gordon  type  witli  given 
initial  and  boundary  conditions.  It  is  convenient  to  use 
the  method  for  solving  transient  problems  of  radiation 
and  propagation  of  waves  excited  by  sources  with  arbi¬ 
trary  time  dependencies  in  layered  nonhomogeneous 
and  nonstationary  media. 

In  work  [2]  the  characteristics  of  the  coaxial  cone  an¬ 
tenna  (CCA)  with  a  infinite  screen  are  studied  theoreti¬ 
cally  and  experimentally  in  receiving  mode.  The  ra¬ 
diator  is  the  cone  antenna  excited  by  step  of  current. 
However,  at  theoretical  analysis  there  considered  only 
one  specific  case  of  time  current  dependence  and  used 
the  Fourier  transform  of  the  solution  for  sinusoidal 
waves. 

The  goal  of  this  work  is  to  investigate  the  videopulse 
radiation  from  coaxial  cone  antenna  theoretically  by 
means  of  the  methods  of  Evolutionaiy'  Equations  and 
Duhamel  integral  as  well  as  to  check  experimentally 
the  obtained  results. 


0 

00 

0 

where  (f)(p,(p;^)  =  /o(^p)/-y^.  is  the  evolu¬ 

tionary  coefficient  that  satisfies  the  evolutionary  equa¬ 
tion 


|e(z,/;^)  =  0 


as  well  as  zero  initial  conditions  and  boundary  condi 
tions  at  z  =  0  and  z  =  oo . 


Fig.  1.  The  problem  geometry 


THEORETICAL  PROBLEM 

The  source  of  a  non-stationary  electromagnetic  field  in 
the  form  of  the  coaxial  cone  antenna  with  infinite 
flange  excited  by  TEM-wave  is  located  on  the  plane 
z  =  0  (Fig.  1).  We  will  solve  the  problem  in  Kirchhoff 
approximation  regarding  that  the  field  in  the  antenna 
aperture  is  tlie  same  as  in  infinite  coaxial  w'aveguide. 
Consequently,  the  problem  of  interest  is  reduced  to  the 
problem  of  radiation  from  the  open  end  of  coaxial 
waveguide.  It  was  shown  in  [3]  that  TEM-wave  excited 
in  the  waveguide  with  arbitrary  time  dependence  gen¬ 
erates  E-wave  in  free  space: 


For  the  case  of  the  unit  step  time  dependence  of  TEM- 
wave  amplitude  in  the  coaxial  waveguide  taking  into 
account  the  energy  normalization  of  a  field  [1]  and 
using  tlie  separation  of  variables  method  it  was  ob¬ 
tained  in  [3]  the  evolutionary  coefficient  expansion: 


2C(^)^  ( ct-z 


1 

m+- 

I  2  r 


where 


C{^)= 


The  radiated  field  at  an  arbitrary  time  dependence  of 
the  source  /(t)  one  can  find  by  taking  the  Duliamel 
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integral.  Let  F(,{r,t)  be  the  time  dependence  of  any 
field  component  in  the  observation  point  r  =  r(p,(p,z) 
at  file  antenna  exxitation  by  the  unit  step  of  current  For 
the  sake  of  simplicity  assume  that  the  point  of  observa¬ 
tion  is  not  arranged  in  tlie  antenna,  and  f{t)  has  no 
discontinuities.  Then  the  corresponding  component  of 
the  field  at  arbitrary  time  dependence  f{t)  can  be 
found,  according  to  [4],  from  formulas: 

I 

F{rj)  =  xjFo  {r,  'c)dx  ;  (1) 

0 

^)  =  I  (^.  •  (2) 

0 

Formula  (2)  can  be  obtained  easily  from  (1)  with  the 
help  of  integration  by  parts.  It  is  of  value  to  choose 
from  formulas  (1)  and  (2)  the  most  convenient  one  for 
numerical  calculation  in  accordance  with  the  form  and 
duration  of  exciting  pulse  /(/)  and  with  the  form  and 

duration  of  the  transition  diagram  /’o(^,/)- 


EXPERIMENTAL  RESEARCH 

The  block  scheme  of  the  experimental  set  is  depicted  in 
Fig.  2.  Generator  of  short  pulses  (GSP)  forms  a  se¬ 
quence  of  triangular  videopulses  with  the  amplitude 
controlled  in  the  range  from  1  to  6  kV  on  the  load  of  50 
Ohm,  with  duration  of  1.2  ns  and  with  the  frequency  of 
repetition  up  to  30  kHz.  GSP  feeds  tlie  coaxial  cable 
with  wave  impedance  of  50  Ohm  loaded  to  CCA  with 
the  length  of  10  cm  and  the  following  aperture  sizes: 
outer  diameter  is  equals  to  67  mm,  inner  diameter  is 
equals  to  2  mm. 


SO  Uadc 


PC 


Fig.  2.  Block  scheme  of  the  set 


Radiated  vidcopulsc  signal  is  received  by  special  sen¬ 
sor,  namely  dipole-slotlinc  probe.  It  is  a  stub  of  a  slot- 
line  on  dielectric  substrate  (e  =  4.25,  1.5  mm  thick¬ 
ness)  with  width  of  0. 1  mm  connected  at  one  end  to  the 
coaxial  cable  with  wave  impedance  of  50  Ohm  and 
soldered  at  other  end  to  tinmade  dipole  with  sizes 
3  X  20  mm.  The  over-all  dimensions  of  the  probe  are 
40  X  90  mm.  The  necessity  of  using  the  dipole-slotline 
probe  consists  in  tlie  fact  that  it  effectively  receives  the 
transversal  field  component  and  suppresses  the  longitu¬ 
dinal  one.  Several  ferrite  rings  are  slipped  over  the 
coaxial  cable  for  matching  the  transition  from  the  slot 
line  to  the  coaxial  cable. 

Stroboscopic  oscilloscope  (SO)  C7-13  with  the  working 
range  from  0  to  10  GHz  is  exploited  in  the  set  to  ob¬ 


serve  and  scale  tlie  pulses  under  study.  Scaled  signal 
from  SO  is  digitized  by  ADC  and  transferred  into  com¬ 
puter  for  the  processing. 

Radiated  longitudinal  component  has  a  maximum 
along  the  axis,  whereas  the  transversal  component  of 
the  field  equals  zero  along  the  axis  because  of  the 
symmetiy  of  the  investigated  structure  about  the  axis  of 
the  coaxial  waveguide.  The  TEM-field  structure  have 
the  symmetry  as  well.  If  the  point  of  observation  de¬ 
flects  from  the  axis  in  the  opposite  directions  the  polar¬ 
ity  of  the  longitudinal  component  of  field  does  not 
change  but  die  polarity  of  the  transversal  one  varies. 
The  specified  peculiarities  of  radiating  field  are  used  as 
the  basis  for  algorithms  of  the  experimental  data  proc¬ 
essing. 

Despite  the  using  of  the  tailomiade  probe,  it  receives 
the  longitudinal  and  the  transversal  components  of  field 
simultaneously.  However,  one  can  pick  out  the  trans¬ 
versal  and  the  longitudinal  components  from  received 
signal  by  account  the  above  mentioned  peculiarities  of 
the  field.  The  points  of  observation  are  offset  by  6  cm 
from  the  aperture  of  CCA  and  by  ±1,  ±3h  ±6  cm 
from  the  axis.  If  two  signals  received  in  the  points  with 
the  opposite  deflections  from  the  axis  are  added  (aver¬ 
aged),  we  get  the  longitudinal  component  of  the  field.  If 
one  of  them  is  subtracted  from  another  we  obtain  the 
transversal  component. 

RESULTS 

Experimental  (thin  lines  with  signs)  and  corresponding 
calculated  curves  (solid  lines)  obtained  by  formula  (2) 
for  the  transversal  electric  component  of  the  field  radi¬ 
ated  by  CCA  are  depicted  in  Fig.  3.  The  experimental 
and  computed  time  dependencies  of  the  longitudinal 
electric  component  in  the  same  points  are  illustrated  in 
Fig.  4. 

Notice  that  minor  chaotic  deviations  of  the  estimated 
dependencies  are  not  connected  with  computation  er¬ 
rors.  Since  the  measurements  are  carried  out  in  the  near 
zone  of  radiator,  the  amplitude  of  the  longitudinal 
component  of  the  field  is  comparable  or  greater  than 
tlie  transversal  one.  It  can  be  some  explanation  of  a 
weak  dependence  on  p  connected  with  size  and  exces¬ 
sive  sensitivity  of  the  sensor  for  the  longitudinal  com¬ 
ponent  of  field. 

CONCLUSIONS 

For  the  first  time  a  tlieoretical  solution  obtained  by 
Method  of  Evolutionary  Equations  is  verified  experi¬ 
mentally. 

Satisfactory  agreement  of  experimental  and  calculated 
curves  demonstrates  the  validity'  of  using  the  model  of 
waveguide  aperture  with  infinite  flange  for  the  descrip¬ 
tion  of  the  radiation  from  waveguide  aperture  without 
flange. 
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Fig.  3.  Time  dependencies  of  the  transversal  electric 
field  strength  in  points  z  =  6  cm,  p  =  1,3,6  cm. 
Experimental  curves  are  denoted  by  signs 

Application  of  Duhamel  integral  for  solving  the  prob¬ 
lem  of  videopulse  radiation  by  known  transition  dia¬ 
gram  of  radiators  is  the  rather  suitable  technique  pro¬ 
vided  that  the  time  dependence  of  exciting  current  is 
given  precisely. 
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INTRODUCTION 

The  present  work  is  the  continuation  of  the  investiga¬ 
tions  performed  by  the  authors  [1,2]  of  the  processes  of 
the  electromagnetic  waves  oscillations  in  different 
media. 

Passing  of  the  short  pulses  through  the  elements  of  tlie 
antenna-feeder  devices  (AFD)  presents  particular  inter¬ 
est,  when  the  pulse  duration  becomes  commensurable 
with  the  characteristic  times  of  setting  the  processes  of 
tlie  electromagnetic  wave  propagation  in  the  long  lines. 

For  the  investigation  of  these  processes  the  authors  use 
the  traditional  parameters  of  the  long  line;  R,  L,  C.  G  - 
line,  corresponding  to  impedance,  inductance,  capacity, 
conductivity  of  tlie  long  line,  predestining  the  func¬ 
tional  purpose  of  the  path  elements. 


SHORT  PULSE  PROPAGATION 

The  general  definition  of  the  space-time  Green  function 
[3]  is  given  by  the  following  expression 

g(z,o  =  —  (1) 

271  J 
—00 


In  order  to  take  into  account  the  dispersion  and  at¬ 
tenuation  by  the  function  h(co)  in  (1),  it  is  necessary  to 
introduce  the  complex  frequencies  (m  =  cti+  ■*«,  i  =  v- 
1),  i.e. 

(a>Y>0),  (2) 

c  ^  (a+iaf 

where 

G  R)  ifG  R 

c’^lJ  ’’^“2[c  L 

The  expression  of  the  pulse  and  its  propagation  in  an¬ 
tenna-feeder  devices  is  connected  with  Green  fimetion 
in  the  following  way  [3]. 


/(z,0-  fg(2j-J)/(0j)dJ,  (3) 


where 

MO  -MO  (4) 


is  the  form  of  the  signal  at  the  input  of  tlie  antenna- 
feeder  devices. 


The  ex-plicit  expression  for  the  Green  function  in  the 
long  line  is 


g(z,/)  =  6(f--)e“'  + 
c 


cylt^ -z^lc'^ 


where  g(0,0  =  S(0.  ^(0  is  the  Dirac  (delta)  fimetion,  t  = 
z/c. 

According  to  (3)  the  ratio  of  the  pulse  duration  is  ob¬ 
tained 


Z 

c 


yze-^^‘-‘^mt)  , 

I  c^lf-zVc^  ' 


(6) 


Each  tenn  in  (6)  contributes  to  the  distortion  of  the 
initial  signal  form  to  different  extent,  at  different  time 
moments,  at  different  distances  from  the  antenna-feeder 
devices  feed  point,  i.  e.  two  mechanisms  of  setting  the 
oscillation  process  can  be  investigated. 

The  first  term  in  (6)  in  the  fonn  of  the  product  of  two 
functions  (the  input  signal  and  attenuation)  corresponds 
to  mechanism  of  signal  distortion  and  characterizes  the 
quality  factor  («)  of  the  line.  Structurely  one  and  the 
same  antenna-feeder  device  changes  the  signals  under 
consideration  of  different  forms  and  durations  to  differ¬ 
ent  exdent. 

The  second  term  in  (6)  describes  the  distortions,  de¬ 
pending  on  a  and  selectivity  (y)  of  antenna-feeder  de¬ 
vice. 

The  analysis  of  the  signal  form  change  in  the  setting 
phase  can  be  simplified,  when  eonsidering  the  three- 
dimensional  representations  as  a  set  of  particular  inde¬ 
pendent  sections: 

f(z,0=M)'Mti,f(z,o-f(0\z-zj . 

where  i=0,l,2...N;  j— 0,1,2. ..M;  ti=At.i;  zj=Az.j;  A' and 
M-  tlie  number  of  the  particular  sections  f(z,0- 
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Let’s  consider  one  form  of  short  videopulse: 


391 


/(0,0  = 


0,  t<0, 

a(/)-cy(t-T), 


t2:0, 


where  afitj  is  the  Heaviside  ftmction. 

If  the  following  non-dimensional  parameters: 

G=:Y/4  =  y-,r|  =  — ,x==y7, 
c  Y 


(7) 


(8) 


are  introduced,  the  relationship  can  be  obtained  for  the 
pulse  propagation  in  the  long  line,  taking  into  account 
the  losses  (;?) : 


/(^,  0)  =  c(e  -  -  a(0  -  T  -  + 

0 


+  C  e 


(9) 


1 

G-t 


.5  f 


From  (9)  it  is  seen,  that  the  symmetry  of  the  pulse  is 
violated  due  to  tlie  distortion  of  the  back  front  of  tlie 
pulse  at  its  propagation. 

The  computation  results  for  the  rectangular  pulses 
propagation  (r=2.7,  r;  =1.1)  in  the  long  line  are  shown 
in  figures.  In  Fig.  I  the  set  of  function  is  shown  (9)  in 
the  form  of  the  equal  field  levels,  illustrating  the  dy¬ 
namics  of  the  propagation  process  of  tlie  pulse  in  the 
non-dimensional  coordinates  (^,0). 

In  Fig.  2  the  fragment  of  tliose  parts  of  the  surface 
0)  is  presented,  where  the  most  essential  changes  of 
the  initial  form  of  the  rectangular  pulse  can  be  ob¬ 
served.  The  differences  of  the  level  forms  of  tlie  equal 
field  in  Fig.  1  and  Fig.  2  are  explained  by  diminishing 
(by  same  times)  of  tlie  step  at  calculation  of M,0). 


enough  range  and  time,  but  a  sharp  field  growth  itself 
detected  in  some  interval  of  the  range  despite  of  the 
losses.  This  is  stipulated  by  an  interference.  The  pulse 
form  noticeably  changes  with  attenuation  change. 
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CONCLUSION 

The  possibities  of  using  the  space-time  Green  function 
for  the  examination  of  the  short  pulse  propagation  in 
long  lines  were  discussed.  The  Green  function  applica¬ 
tion  reduces  a  boundary-initial  problem  to  an  integral 
calculation.  The  usefulness  of  this  way  is  determined  by 
the  possibility  of  exact  construction  of  simple  enough 
Green  function  and  by  the  convenience  of  calculation  of 
the  obtained  integrals.  For  the  long  line  an  explicit 
form  of  Green  function  can  be  expressed  exactly 
through  the  known  functions.  The  rectangular  pulse 
propagation  was  observ’ed.  Two  peculiar  parts  of  tlie 
field  are  here:  tlie  first  part  propagates  with  light  ve¬ 
locity.  The  magnitude  of  the  first  part  may  be  essen¬ 
tially  more  tlian  second  one.  The  field  decays  at  great 
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INTRODUCTION 

The  main  characteristics  defining  a  resolution  and 
penetration  depth  of  modern  ground  penetrating  radar 
(GPR)  are  wide  frequency  band  of  radiated  signals  and 
high  efficiency  and  unifonnity  of  radiation  through  the 
whole  working  frequency  range.  Electrical  parameters 
of  a  ground  vaiy  within  a  wide  range.  However,  the 
main  part  of  tlicm  has  such  a  value  that  the  pulse  sig¬ 
nals  of  nanosecond  duration  range  corresponding  to  the 
frequency  range  from  tens  MHz  to  units  GHz  are  opti¬ 
mal  for  several  meters  depth  of  sounding.  On  the  one 
hand,  such  a  signals  allow  to  obtain  a  resolution  about 
10  cm,  on  the  other  hand  to  sound  down  to  the  several 
meters  depth.  As  a  rule,  it  suffice  to  solve  a  wide  range 
of  problems. 

A  design  of  an  improved  antenna  system  for  GPR 
"Zond  10"  produced  by  firm  "Radar,  Inc.",  Riga,  Re¬ 
public  of  Latvia  is  discussed  in  the  presentation.  Ad¬ 
vantage  of  the  new  antenna  system  is  decreased  dura¬ 
tion  of  the  after  pulse  oscillation  with  the  energetic 
characteristics  of  the  ground  penetrating  radar  re¬ 
maining  the  same. 

ANTENNA  DESIGN 

There  is  a  number  of  requirements  to  the  antenna  sys¬ 
tem.  These  are  high  efficiency  of  radiation/reception  of 
electromagnetic  waves  combined  with  low  level  of  after 
pulse  oscillations.  (Directivity  of  the  radiation  pattern  is 
not  relevant  hence  the  depth  of  sounding  is  limited  by 
several  meters.)  In  order  to  satisfy  tliese  contradicting 
requirements  we  have  developed  and  fabricated  and 
experimentally  tested  a  wide  band  dipole  antenna  sys¬ 
tem  loaded  with  a  matching  load  at  the  ends  (Fig.  1). 

This  antenna  system  may  be  classified  as  an  electro¬ 
magnetic  type  antenna  [1].  The  main  advantage  of  tliis 
class  antennas  is  the  possibility  to  generate  a  traveling 
wave  mode  in  spite  of  relatively  small  dimensions  of 
antenna.  It  is  the  mode  tliat  provides  tire  one  way  trav¬ 
eling  for  the  driving  current  wave  and  thus  decreasing 
the  amplitude  and  duration  of  after  pulse  oscillations. 


The  curved  shape  of  the  dipole  elements,  each  of  them 
being  a  half-circle,  enables  one  to  increase  the  lengths 
of  the  dipole  arms.  These  allowed  decreasing  the  low 
working  frequency  of  the  antenna  significantly.  The 
matched  load  (resistor  R  =  360Q)  at  the  ends  of  the 
dipole  allows  to  absorb  the  whole  non-radiated  energy 
and  significantly  decrease  the  amplitude  of  the  reflected 
wave.  For  the  most  efficient  driving  of  the  antenna  the 
dipole  arms  were  made  in  form  of  plates  of  vaiying 
width. 

A  pulse  generator  circuit  with  avalanche  transistor 
switch  with  transistor  2N2222  was  used  to  drive  tlie 
transmitting  antenna. 

The  ultra  wide  band  transformer  on  transmission  lines 
was  used  to  match  the  antenna  impedance  and  output 
impedance  of  the  pulse  generator.  The  frequency  band 
of  this  transformer  ranges  from  10  MHz  to  300  MHz. 
The  transformation  ratio  on  impedance  is  4.  Energy 
losses  are  less  then  0.8  dB.  The  efficiency  of  radiation 
was  enhanced  and  the  amplitude  and  duration  of  the 
after  pulse  oscillations  decreased  owing  to  the  correctly 
chosen  design  of  the  antenna  arms. 


'  This  work  was  supported  by  Science  and  Technolog>  Center  in  Ulcraine  (project  no. 366). 
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D  =  0.9m  Z9=1.2m  D=1.5m  D=\.2m  D=\.5m 

Fig.  2.  The  dependence  of  shape  of  the  radiated  signal  from  distance  to  radiating  antenna 
in  direction  of  maximum  energy  radiation.  (Horizontal  scale  is  10  ns/div) 


SPATIAL  CHARACTERISTICS  OF  ANTENNAS 

Relations  between  the  shape  of  tlie  radiated  signal  and 
the  distance  between  the  sensor  and  radiating  antenna 
are  shown  at  Fig.  2. 

The  impulse  of  radiated  electromagnetic  wave  has  a 
form  of  a  damped  oscillations  with  a  period  about  10  ns 
and  consist  of  3  half  periods  of  a  sinusoid.  In  tlie  near 
zone  of  antenna  the  amplitude  of  the  first  half  period 
exceeds  that  of  the  second  half  period  larger  twice  as 
much.  The  amplitudes  of  the  first  and  the  second  half 
periods  tend  to  1  with  a  larger  distance  and  at  a  dis¬ 
tance  more  then  1.5  m  they  equal  I. 


Fig.  3.  The  amplitude  spectrum  of  radiated  signal 


The  maximum  of  the  amplitude  spectrum  of  the  radi¬ 
ated  signal  comes  near  80  MHz.  The  lobe  of  the  high 
frequency  component  is  about  0.1  of  the  maximum 
amplitude.  A  distinction  of  this  spectrum  is  absence  of 
the  gaps  in  the  frequency  response  in  the  frequency 
band  more  then  300  MHz. 

Relations  between  the  radiated  field  shape  and  the 
direction  of  radiation  by  rotation  of  radiator  in  XZ-  and 
YZ-planes  (Fig.  4)  show  that  tlvis  radiator  behaves 
similarly  to  the  electrical  dipole,  but  this  antenna  un¬ 
like  an  ordinary  dipole  has  a  directional  properties 
conditioned  by  the  curved  arms.  The  corresponding 
radiation  patterns  are  shown  at  Fig.  5. 

The  shape  of  the  radiated  signals  at  Fig.  4b  are  simi¬ 
larly  to  the  oscillations  because  of  reflection  from  walls 


and  floor  following  just  after  pulse  radiated  SP  signal. 
This  confirmed  by  distinction  between  the  shapes  of 
signals  corresponding  to  angles  0°  and  180°  and  clear 
pulses  at  Fig.  2. 


Fig.  4  Relations  between  the  radiated  field  shape 
and  direction  of  radiation  at  the  distance  1.5  m  in 
a)  YZ-plane,  b)  XZ-plane 


Fig.  5.  Amplitude  radiation  pattern  for  loaded  wide  band 
dipole  in  XZ  (line  1)  and  YZ  (line  2)  planes 

The  same  design  of  the  antenna  is  used  for  receiving 
reflected  signals.  The  main  advantage  of  such  an  an¬ 
tenna  in  the  receiving  mode  is  a  decreased  level  of  the 
after  pulse  oscillations  owing  to  good  matching  both  at 
the  driving  area  and  at  the  ends  of  the  antenna. 

Tlie  signal  induced  at  the  output  of  the  receiving  an¬ 
tenna  after  receiving  tlie  signal  radiated  by  the  trans¬ 
mitting  antenna  which  located  at  the  distance  2.2  m 
with  the  antennas  being  directed  by  the  maximums  of 
radiation  patterns  is  shown  at  Fig.  6.  The  pulse  signal 
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beginning  at  about  35  ns  is  conditioned  by  reflections 
of  radiated  signal  from  tlie  walls  of  iaboratoiy’.  The 
after  pulse  oscillations  are  negligible. 


Fig,  6.  The  shape  of  signal  received 
by  receiving  antenna  of  radar 


Fig.  7  shows  tile  signals  at  the  output  of  the  receiving 
antenna  of  the  ground  penetrating  radar  which  w'ere 
recorded  wliile  sounding.  The  dot  line  corresponds  to 
the  signal  from  "Zond's  10"  antennas  and  the  solid  line 
corresponds  to  signal  from  loaded  wide-band  dipole 
antenna  system.  As  the  transmitting  and  receiving 
antennas  are  disposed  in  parallel  planes  at  a  distance  2 
m  (see  Fig.  1),  the  coupling  between  tliese  antennas  is 
significant.  It  causes  an  additional  half  period  of  oscil¬ 
lation  in  the  received  signal.  Therefore,  the  signal 
shapes  at  Fig.  6  and  Fig.  7  are  different. 


Fig.  7.  Dot  line  correseponds  to  signal  from  "Zond's  10" 
antennas,  and  solid  line  —  to  signals  from  the  loaded 
wide  band  dipole  antenna  system 


The  antenna  is  characterized  by: 

•  VSWR  in  frequency  band  from  10  MHz  to  300 
MHz  never  exceeding  3; 

•  input  impedance  is  200  Q; 

•  output  impedance  is  50  <D; 

•  'width  of  radiation  pattern  at  tlie  level  0.5  of  the 
ampliiude  value: 

•  in  XZ  plane  is  170°; 

•  in  YZ  plane  is  360°; 

•  the  signal  radiated  has  a  form  of  3  half  periods 
sinusoid  of  10  ns  duration; 

•  overall  dimensions  are  1 100x230x500  mm. 

Antenna  system  consisting  of  the  loaded  wide  band 

dipoles  was  used  in  practice  for  mapping  the  subsurface 

communications.  The  antenna  system  demonstrates 

enhanced  resolution  and  penetration  depth. 
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Nevertheless,  it  is  evident,  that  the  loaded  dipoles  sup¬ 
press  the  after  pulse  oscillations  and  promote  improv¬ 
ing  the  resolution  of  the  ground  penetrating  radar. 

CONCLUSIONS 

The  design  of  the  loaded  wide-band  dipole  anteima 
system  with  a  matching  load  at  the  ends  (Fig.  1)  was 
fabricated  and  experimentally  tested.  The  spatial  distri¬ 
bution  of  the  sliape  of  radiated  signals  in  the  near  and 
far  zones  is  measured  and  shown. 
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Model  problems  in  tlie  tlreory  of  ultra-wi de-band  horn- 
type  antennas  are  initial  boundary  value  problems  in 
infinite  domains  with  locally  inhomogeneous  and  per¬ 
fectly  conducting  compact  scattering  objects.  The  key  to 
their  efficient  solution  lies  in  tire  correct  truncation  of  a 
computational  domain,  which  on  the  one  hand,  reduces 
the  fundamentally  open  problem  to  the  closed  one,  and 
on  the  other  hand,  has  little  or  no  effect  on  the  accuracy 
and  reliability  of  resulting  numerical  data.  The  above- 
listed  criteria  are  consistent  and  practicable  as  clearly 


demonstrated  by  the  results  of  tlie  papers  [1,2]  devoted 
to  a  study  of  a  similar  issue  in  classical  problems  of 
nonstationary  electrodynamics  (waveguide  inhomoge¬ 
neities  and  periodic  structures)  and  in  some  model 
problems  of  video  pulse  sensing  (locally  inhomogene¬ 
ous  objects  in  a  free  space  or  near  a  locally  irregular 
boundary  between  two  homogeneous  media).  Develop¬ 
ing  this  topical  subject  for  the  modem  computational 
electrodynamics,  we  turn  in  our  work  to  the  problems 
of  the  analysis  and  model  synthesis  of  ultra-wide-band 
hom-type  antennas  (see  Fig.). 


Fig.  The  model  problem  geometry 
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The  first  and  the  crucial  step  in  their  solution  is  con¬ 
nected  with  the  fornnilation  of  exact  radiation  condi¬ 
tions  for  nonsinusoidal  waves  «outgoing»  from  the 
region  c:  0  ,  where  the  efficient  sources  and  scat- 
terers  are  concentrated.  Q  is  an  infinite  domain  in  tv\'o- 
or  three-dimensional  space  where  tire  initial  boundary 
value  problem  is  posed.  The  first  step  is  largely  based 
on  integral  transformations  in  a  space  of  «evolutionary 
bases»  [3]  of  nonstationary'  signals.  The  constructed 
exact  radiation  conditions  are  used  then  as  additional 
boundary'  ones  (on  virtual  coordinate  boundaries  L  of 
the  regions  Qj ),  which  truncate  efficiently  a  computa¬ 
tional  domain  in  conventional  finite-difference  meth¬ 
ods.  An  important  point  is  that  the  refonnulated  initial 
boundary  value  problem  is  fully  equivalent  to  the  origi¬ 
nal  one.  Not  only  does  the  theorem  about  single-valued 
solvability  remain  valid,  but  also  the  solutions  coincide. 
The  additional  conditions  on  virtual  boundaries  are 
included  correctly  into  a  computational  scheme  of  a 
finite-difference  method  without  making  it  more  com¬ 
plicated  or  distorting  its  stability  and  convergence.  As  a 
result  we  obtain  the  algorithm,  which  is  every  bit  as 
simple  and  «fast»  as  in  the  case  of  classical  closed 
problems.  The  problem  of  a  truncation  of  a  computa¬ 
tional  domain  (in  distinction  to  the  approaches  using 
Absorbing  Boundary  Conditions  of  different  approxi¬ 
mation  orders  f4])  is  solved  without  distortion  of  physi¬ 
cal  essence  of  tire  processes  simulated  mathematically. 
The  computational  error  is  conditioned  only  by  tire 
discretization  of  the  initial  boundary  value  problem  and 
can  be  estimated  either  «roughIy»  analylically  or  pre¬ 
cisely  by  the  results  of  specially  aided  computational 
experiments. 

This  work  was  partly  supported  by  the  Grant  Jf‘!336  of 
STCU. 
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INTRODUCTION 

In  tliis  paper  the  results  are  presented  of  designing 
multiband  antennas  on  the  base  of  a  main  model  with 
loop  radiating  elements  intended  for  functioning  in 
very-high  frequency  range  (VHF)  and  ultraliigh  fre¬ 
quency  range  (UHF)  in  of  communication  and  TV 
systems. 

The  base  model  is  performed  in  the  form  of  loop-slot 
antenna  (LSA)  comprising  two  identical  loop  radiators 
(LR)  located  in  one  plane  in  opposition  to  each  other. 

The  LRs  have  a  common  axis  of  symmetry'  and  are 
connected  by  a  section  of  symmetrical  slot  line  (SSL) 
with  length  Z-.  At  Z.  «  0  the  LSA  is  analogous  to  a 
“zigzag”  antenna. 

Points  of  the  connection  of  the  coaxial  feeder  are  situ¬ 
ated  in  the  middle  of  SSL;  slot  gap  is  excited  with  a 
coupling  loop.  Matching  of  LSA  performed  by  tire 
choice  of  length  L  and  SSL  wave  resistance,  as  well  as 
by  the  distance  to  the  reflector.  With  the  bandwidth 
relation  up  to  1.6:1  it  is  possible  to  obtain  VSWR  <1.5  . 

DESIGN  AND  CHARACTERISTICS 
1.  Loop-dipole  antenna 

The  antenna  functions  in  the  first  and  second  separated 
subranges  with  average  wavelengths  Xj-  h  com¬ 
prises  base  LSA  of  the  second  subrange,  in  which  SSL 
is  in  tire  ortliogonal  plane  and  a  flat  wideband  dipole 
(Fig.  1).  The  arms  of  the  dipole  are  oriented  perpen¬ 
dicularly  to  axis  of  vibration  of  LSA,  coimected  to  tlie 
middle  of  SSL  and  are  antiphase  with  respect  to  LR 
conductors  [1]. 


LSA  does  not  radiate  in  the  first  subrange  because  the 
perimeter  of  LR  is  less  than  X.j.  That  is  why  in  the  first 
subrange  the  LR  may  be  in  the  fonn  of  short-circuited 
segments  of  a  2-conductor  line  with  variable  distance 
between  tlie  conductors  and  with  length  of  half  the 
perimeter,  that  is  0.5 

WTien  condition  Xi  «  2Z  +  2X2  is  satisfied,  the  input 
impedance  of  LR  re-calculated  according  to  the  middle 
of  SSL  is  equal  to  infinity,  and  LSA  does  not  affect  the 
function  of  the  dipole  in  the  first  subrange. 

A  value  of  L  can  change  within  the  limits  ofX2<L< 
0.8  X2  what  enables  to  choose  the  relation  between 
X\  and  X2. 

The  dipole  does  not  radiate  in  the  second  subrange 
because  tlie  field  of  these  frequences  is  closed  between 
dipole  arms  and  LR  antiphase  conductors.  The  input 
impedance  of  the  dipole  in  the  second  subrange  is  much 
higher  than  that  of  SLA.  The  dipole  influences  on  the 
LSA  functioning  when  the  antiphaseness  is  broken,  i.e. 
at  peripheries  of  the  second  subrange  bandwidtli.  Vari¬ 
ous  forms  of  the  dipole  anns  may  be  used,  but  the  form 
similar  the  loop  radiators  is  preferable. 

Fig.  2  presents  the  frequency  dependence  of  the 
matcliing  of  a  loop-dipole  antenna  intended  for  func¬ 
tioning  in  VHF  and  UHF  of  TV  band.  In  the  second 
subrange  (  UHF)  at  the  bandwidth  of  450  to  800  MHz, 
VSWR  <  1.8.  In  the  first  subrange  (VHF)  at  the  band¬ 
width  of  150  to  250  MHz,  VSWR  <  2.0.  The  gain  in 
the  second  subrange  is  not  less  than  7  to  9  dB  (with  a 
reflector),  and  in  tlie  first  one  equals  to  the  dipole  gain 
(without  reflector). 
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2.  A  dual-band  loop-slot  antenna 

The  antenna  functions  in  the  first  and  second  separated 
subranges  with  average  wavelengths  related  as 

It  comprises  the  base  LSA  of  the  first  subrange.  In  the 
LR  conductors  at  points  of  current  loop  there  is  a  gap. 
A  short-circuited  piece  of  a  double  line  with  the  length 
of  about  0.25>^2  is  connected  in  the  gap  (Fig.  3). 


In  the  second  subrange  LRs  have  a  dual-mode  perime¬ 
ter  and  the  LR  conductors  radiate  inpliase.  In  the  first 
subrange  LRs  have  a  single-mode  perimeter  with  ca¬ 
pacitive  inhomogencity  at  current  loop. 

The  bandwidth  in  the  second  subrange  is  limited  on  tlie 
side  of  high  frequences  due  to  gin  drop.  On  die  side  of 
lower  frequences  the  bandwidth  is  limited  due  to  die 
VSWR  increase  wliich  one  can  not  compensate  by 
choosing  SSL  parameters.  In  the  bandwidth  of  up  to 
relation  1.5:1  the  gain  drop  does  not  exceed  1  to  2  dB. 
The  matching  values  in  both  subranges  are  intercon¬ 
nected  and  depend  on  SSL  dimensions  and  the  distance 
to  the  reflector. 

Fig.  4  shows  the  frequency  dependence  of  matching.  In 
the  subranges  of  210  to  330  MHz  and  410  to  630  MHz 
VSWR  is  less  than  1.8. 


3.  Multiband  loop-slot  antenna 

The  antenna  is  intended  for  functioning  in  N  separated 
subranges  with  average  wavelengths  L|>  ?v2>...>X,n.  It  is 
designed  in  the  form  of  N  base  LSAs  of  different  di¬ 
mensions  with  common  SSL  (Fig.  5).  LRs  with  even 
numbers  are  connected  in  SSL  antipsahe  relative  to  the 
neighbouring  odd  LRs,  In  this  case  the  axial  syiuinetiy' 
of  all  LRs  is  observed  [2]. 


The  antenna  functions  as  follows.  The  maximum 
bandwidth  of  one  LSA  docs  not  exceed  1.7:1.  This  limit 
is  kept  in  the  case  of  several  LRs  of  different  sizes  con¬ 
nected  in  phase  in  SSL.  In  the  case  of  antiphase  con¬ 
nection  in  SSL  of  neighboring  LRs  of  different  sizes  the 
limit  of  summary  bandwidth  is  eliminated.  And  the 
maximum  bandwidth  attained  by  individual  LRs  is 
maintained. 

Fig.  6  presents  tlie  frequency  dependence  of  matching 
multiband  LSA  comprising  three  LSAs  (three 
subranges)  witli  individual  LSAs  located  at  different 
distances  from  the  reflector. 


The  frequency  coverage  of  4.5:1  (from  170  to  770 
MHz)  with  VSWR  <  2  is  provided. 
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CONCLUSION 

The  given  above  material  illustrates  great  possibilities 
of  loop-slot  antennas  for  extension  of  working  fre¬ 
quency  range.  The  simplicity  of  design,  tlie  possibility 
of  calculation  and  modeling  make  them  indispensable 
for  different  areas  of  application. 
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INTRODUCTION 

LPDA  are  now  widely  used  for  TV,  broadcasting  and 
communication  in  frequency  range  100MHz...4GHz. 
The  stand-point  of  the  advantages  of  tliis  type  of  anten¬ 
nas  is  the  possibility  to  achieve  pennanently  high  gain 
in  broad  band.  Up  to  the  early  90*  fiill-serics  produc¬ 
tion  of  LPDA  use  the  technology  of  welding  of  metal 
tubes  of  different  length  and  diameters.  Obtained  metal 
contacts  were  not  reliable  or  otherwise  were  too  expen¬ 
sive.  Especially  this  regards  to  the  cases  when  antenna 
gain  is  lOdB  and  more  in  broad  band.  The  step  forw'ard 
in  LPDA-building  was  made  by  proposal  of  new  tech¬ 
nology  [1],  which  allows  to  increase  reliability  of  an¬ 
tenna  and  to  reproduce  the  geometry  parameters  of 
LPDA  w'ith  precision  not  worth  than  0. 1  mm.  Before, 
most  of  investigators  used  method  of  moments  for 
LPDA  modelling.  Antenna  model  was  consist  of  infi¬ 
nitely  thin  wires  connected  by  hypothetical  transmis¬ 
sion  line  in  free  space.  Results  were  obtained  by  nu¬ 
merical  solution  of  integral  equation  for  tlie  currents 
and  voltages  on  vibrators. 

In  this  paper  a  new  analysis  based  on  FDTD  method  is 
presented.  No  specific  simplification  in  antenna  simu¬ 
lation  were  made.  All  geometrical  features  of  LPDA, 
such  as  exact  forms  of  dipoles  and  transmission  line, 
the  excitation  (which  is  found  to  be  non-symmetrical 
towards  the  transmission  line  in  reality),  part  of  trans¬ 
mission  line  between  point  of  excitation  and  the  small¬ 
est  dipole,  geometry  of  electrical  short,  have  been  taken 
into  account.  This  was  the  main  reason  for  applying 
FDTD  method. 


Application  of  FDTD  method.  Max'weU’s  curl  equa¬ 
tions  in  the  lossless,  source  free,  isotropic  region  can  be 
expressed  as: 


-M 


dfl 

dt 


VxE,  £•— 
dt 


where  S,H  are  the  constitutive  parameters,  and 

E ,  H  are  the  electric  and  magnetic  fields,  respectively. 
In  rectangular  coordinates  the  two  vector  equations  can 
be  decomposed  into  six  scalar  equations  for 
Ex,Ey,E:,Hx,Hy,H;  coniponcnts.  For  example, 

for  the  first  component; 

^Ex  .  1 
(?t  s 


^Hy 

dy  dz 


According  to  FDTD  method  the  computational  domain 
is  discretised,  partial  derivatives  are  changed  by  central 
differences  using  standard  Yee  notification  [3].  In  this 
work  the  non-uniform  mesh  grading  is  used  to  reduce 
the  memory  storage  and  computer  run-time.  As  it  has 
been  shown  in  [4]  if  the  mesh  grading  factor  ^  <  1.2 
the  accuracy  of  non-uniform  mesh  is  close  to  the  accu¬ 
racy  of  fine  uniform  mesh.  Fundamental  equations  for 
FDTD  method  can  de  deduced  from  equations  like  (1) 
as  follows: 
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where  /,  J,  k  are  the  numbers  of  cells  in  x,  y  and  z  di¬ 
rections  respectively.  Otlier  four  equation  to  be  rear¬ 
ranged  similarly.  Courant  stability  criterion  for  tlie 
smallest  values  of  Ac,Ay,Az  defined  the  maximum 
possible  value  of  time  step  At.  The  “soft”  voltage 
source  was  implemented  to  the  delta  gap  between  the 
contact  pin  and  the  upper  part  of  transmission  line. 
Current  and  voltage  trough  the  source  in  the  non- 
uniform  mesh  grading  case  can  be  found  according  to 
tlie  formulas: 


where  Rs  is  a  internal  impedance  of  voltage  source  and 
tlie  Es  is  the  electric  field  on  antenna  at  tlie  delta-gap 
of  excitation.  In  this  simulation  the  excitation  voltage 
of  the  source  VsiO  is  chosen  to  be  two  periods  of  sinu¬ 
soid  on  desired  frequency. 
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To  truncate  the  computational  domain  the  Mur’s  sec¬ 
ond  order  absorbing  boundary  conditions  for  the  non- 
uniform  mesh  were  used.  Modelling  object  was  sur¬ 
rounded  by  the  closed  surface,  the  running  Fourier 
transform  is  done  during  time  domain  calculations  to 
obtain  tire  distribution  of  tangential  E  and  H  fields  on 
desired  frequency  on  this  surface.  The  time  shift  of  half 
time  step  between  the  E  and  H  fields  in  fonnulas  (2)  is 
taken  into  account.  Then  after  the  standard  near-to-far 
zone  transformation  in  frequency'  domain  [5]  the  radia¬ 
tion  characteristics  of  LPDA  were  found. 


Fig.  1.  Front  view  of  novel  LPDA 
{only  the  smallest  pair  of  dipoles  is  shown) 


NUMERICAL  RESULTS 

Above  analysis  was  implemented  to  tlie  high  efficient 
10  element  LPDA  (see  Fig.  1  and  [1])  witli  parameters; 
T  =  0,935 ,  (7  =  0,1 86,  the  length  of  the  longest  dipole 
is  140  mm,  the  geometry  of  transmission  line  dl-l\ 
mm,  r  =  18  mm,  h  =  21  mm,  the  width  of  the  contact 
pin  c/1  =  6  mm,  the  height  of  contact  pin  /j  =  15  mm, 
the  width  of  dipole  w  =  15  mm.  The  “soft”  voltage 
source  was  used  with  internal  impedance  500 .  Non- 
uniform  mesh  was  used  with  ^  =  1.1  and  total  dimen¬ 
sion  120Ax  X  330Ay  xl20Ac  .  The  finest  resolution 
corresponds  to  the  metal  edges  of  LPDA.  Antenna  is 
based  on  elements  which  are  physically  highly  reso¬ 
nant.  Of  course  tlie  implementation  of  “soft”  voltage 
source  decrease  tlie  required  number  of  time  steps.  But 
as  it  seen  from  Fig.  2  nearly  18  thousands  of  time  steps 
need  to  vanish  tlie  FDTD  fields.  Theoretically  this 
curve  can  be  obtained  after  the  frequency  domain 
analysis  of  LPDA,  when  the  it  is  known  the  complex 
input  impedance  of  LPDA  in  frequency  range  Z  (tn) , 
according  to  the  fonnula: 


Esit)^F~\ 


Vs(f^) 

Az 


Rs+Z(^af) 


(2) 


here  Vs(^)  is  spectrum  of  excitation  and 
indicates  backward  Fourier  transform.  In  time 
domain  this  also  can  be  calculated  after  convolution  of 

VsiO  and  F’-i( — — ^ — ).  Physically  last  function 
Z((0)+Rs 


is  delta-pulse  response  of  LPDA,  excited  by  “soft”  volt¬ 
age  source. 
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Calculated  after  FDTD  method  values  of  VSWR  in 
frequency  range  are  compared  with  measurement  and 
results  after  NEC  on  Fig.  3,  obtained  radiation  patterns 
for  the  frequency  500  MHz  in  E-  and  //-plane  given  on 
Fig.  4  and  5  respectively. 


400  500  600  7D 

Frequency,  MHz 
Fig.  3 


Values  of  VSWR  obtained  by  FDTD  method  is  closer  to 
experimental  values  than  obtained  by  NEC  program 
due  to  taking  into  account  exact  shapes  and  dimensions 
of  dipoles  and  transmission  line.  Calculated  by  FDTD 
method  radiation  patterns  show  good  agreement  with 
experimental  values  for  the  main  beam.  Back  lobe  is 
higher  than  measurement.  This  may  be  caused  by  nu¬ 
merical  errors  of  near  to  far  zone  transformation  and 
reflections  from  non-idea!  absorbing  boundary  condi¬ 
tions.  Coincidence  between  FDTD  method,  measure¬ 
ment  and  NEC  program  prove  the  high  accuracy  of 
new  analysis  of  LPDA  developed  right  for  tlie  new 
technology  proposed  in  [1]. 
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This  analysis  required  nearly  14  hours  run-time  on 
Pentium  11-400  based  computer  and  nearly  240MB 
RAM. 


CONCLUSIONS 

Although  the  exact  solution  of  Maxwell’s  equation  for 
the  complex  stnictures  is  difficult  and  tedious,  finite- 
difference  time-domain  method  give  the  opportunity  to 
analyse  such  structures  relatively  easy  and  accurate. 
The  only  problem  is  that  it  requires  large  memory  stor¬ 
age  and  nm-times.  But  this  problem  will  be  overcome 
by  the  progress  in  computer  technics. 
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Permittiyity  s  and  loss  tangent  tan8  of  glass  plastics 
and  tlieir  components  nsed  for  antenna  covers  w'ere 
investigated  in  the  30-350  GHz  band. 

For  glass  plastics  and  their  component  testing  in  the 
frequency  range  10-75  GHz  we  have  used  panoramic 
network  analyzers  R-2-61,  R-2-65,  R-2-68,  R-2-69  witli 
special  horns.  The  measurements  in  the  frequency 
range  75-350  GHz  were  carried  out  with  help  quasiop- 
tical  beam  wavequide  spectrometers,  interferometers, 
and  open  resonators  [1]. 


The  methods  of  determination  permittivity  e  and  loss 
tangent  tan  5  are  based  on  measuring  the  dependences 
of  transmittance  t  and  reflectance  r  moduli  and  phases 
as  well  the  dependences  of  resonator  quality  factor  Q 
and  resonant  frequency  /for  wavelength  X  and  sample 
thickness  /. 

The  block  diagram  of  spectrometer  for  wavelengths  X  = 
4-0.5  mm  is  shown  in  Fig. 


Fig. 


Here  I  -  resonator  for  low  loss  material  properties 
measurement,  II  -  transmission  measuring  circuit.  III  - 
Michelson  or  Max-Zender  interferometer,  IV  -  reflec- 
tometer.  I  -  BWO,  2  -  magnet,  3  -  horn,  4  -  modula¬ 
tor,  5  -  lens,  6  -  polarizer,  7  -  attenuator,  8  -  iris,  P  - 
receiver,  10-  absorber,  11  -  mirror,  12  -  beam  splitter, 
13  -  amplifier,  14  -  synchronous  detector,  15  -  digital 
voltmeter,  16  -  storage  unit,  17  -  voltmeter,  18  -  light 
source,  19  -  LED,  20  -  power  supply. 

To  determine  tan  5  of  low-absorption  materials  with  n 
«  1.3  to  1.6,  tlie  |t|  value  is  measured  in  immersion 

liquids  featuring  identical  refractive  indices  [3].  Mate¬ 
rials  with  higher  values  of  n  for  wich  there  are  no  low- 


absorption  immersion  liquids  were  investigated  by 
measuring  |t(/)j  in  a  «pile»  containing  various  numbers 
of  samples. 

The  second  (in  terms  of  its  applicability)  method  con¬ 
sist  in  measuring  arg  f  =  cpt  and  arg  f  =  cpr  in  an  inter¬ 
ferometer.  In  such  measurements  the  authors  used 
primarily  the  frequency  sweeping  technique  [4]  wich 
eliminates  spurious  interference  effects  in  the  sample 
and  beam  path  and  thus  provides  unambiguous  deter¬ 
mination  of  the  interference  order.  The  magnitude  of  n 
is  related  to  the  zero-order  extremum  displacement  do 
for  samples  of  thickness  / 

M  =  l  +  dfo//. 
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Errors  in  dcicrmination  I,  moduli  i  and  r,  arg  t,  arg  r, 
Q,f  were:  A/  =  0.01  mm,  t  and  r  moduli  5  %,  arg  t  and 
arg  r  5-10  degrees,  Q  -  5  %,  A/=  0.2  GHz. 

The  resulting  accuracy  of  detennination  s  and  ta.n5  was 
(1-2)  %  for  e  and  (20-30)  %  for  tan  5. 

We  have  investigated  many  types  of  glass  cloths  and 
resins  used  for  preparing  glass  plastics  [2].  These  mate¬ 
rials  and  glass  plastics  were  let  us  by  I.  G.  Gurtovnik 
and  V.  N.  Sportsmen. 

Cloths  based  on  nonalkaline  and  quartz  glass  fibers 
have  e  -3. 0-6. 3  and  tan  5  from  {0.2  -  2}  10'^  at  fre¬ 
quencies  30  -  35  GHz  to  {0.3  -  4}  10'^  at  frequencies 
300  -  350  GHz. 

Resins  used  for  glass  plastics  (epoxy  and  silicon-bonded 
types)  have  e  from  2.8  to  3.1  and  tan  5  from  (1.2  -  2.5) 
10'^  at  frequencies  30  -  35  GHz  to  (2.5  -  3.5)  10'"  at 
frequencies  300  -  350  GHz. 

Table  1  presents  characteristics  of  the  best  glass  plas¬ 
tics,  glass  cloths  and  resins. 


Table  1 


No 

Material 

e 

tan8-10^ 

X,,  mm 

1 

Plastic  based 

2.60 

5.9 

8.4 

on  TS-8/3-K- 
TO  cloth  and 

2.61 

15.6 

1.98 

epoxy  resin 

2.62 

28.5 

0.87 

2 

Plastic  based 

3.23 

7.3 

10.7 

on  TS-8/3-K- 
TO  and  SPE- 

3.30 

10.0 

4.6 

25/3  resin 

3.20 

22.2 

0.87 

3.26 

4.4 

29.9 

3 

Plastic  based 

4.3 

13.0 

8.7 

on  nonalkaline 
glass  and  SPE- 

4.37 

16 

4.3 

25/3 

4.35 

35.7 

0.87 

■ 

Silica  glass 

3.77 

0.3 

10.0 

■ 

3.77 

0.6 

6.0 

■ 

3,77 

1.3 

2.0 

■ 

3.76 

2,2 

0.82 

5 

Nonalkaline 

6.11 

7.4 

8.4 

glass 

6.32 

9.8 

5.0 

6.20 

32 

2.0 

6 

Resin  SPE  - 

2.88 

13.5 

9.9 

25/3 

2,86 

19,0 

2.0 

2.86 

41.0 

0.88 

Our  investigations  of  more  than  50  version  of  materials 
testified  that  s  for  each  sample  practically  invariable  at 
frequencies  10  -  350  GHz  and  depends  only  on  tech¬ 
nology,  tan  8. 

Is  slowly  grows  up  (in  interval  20  -  30  %)  in  frequency 
range  10  -  35  GHz,  at  higher  frequencies  tan  8  in¬ 
creases  more  rapidly. 

The  measurements  of  tJte  dependence  of  s  and  tan  8  on 
water  content  W  in  glass  plastics  show  for  W  =  2-4  % 
the  increase  of  s  not  more  than  0.1,  tanS  becomes  twice 
more. 

Table  2  presents  dielectric  properties  of  antenna  cover 
materials  based  on  popous  Si02  and  AI2O3  in  near 
millim.eter  region. 


Table  2 


No 

material 

8 

tan8-10^ 

X,  mm 

1 

A]203and  DS- 
150  resin 

2,07 

5 

2.0 

2 

Si02  and  Cr 
(0.5%) 

3,35 

1.2 

1.1 

3 

Si02  and  Ti02 
(15%) 

3.80 

1.6 

1.25 

4 

Si02  -  107 

1.15 

4.0 

2.0 
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Abstract.  In  the  summary  the  results  of  experimental  research  of  electromagnetic  wave  reflection  of  microwave  -  band 
(7.8  -  12.3  GHz)  b}'  samples  of  foam  and  layered  structures,  located  in  free  space  on  a  metal  substrate  are  presented. 
The  characteristics  of  reflection  by  foam  structures  in  a  range  of  sample  fluckness  10  -  84  mm  with  foaming  ratio  30  - 
170  as  well  as  by  layered  structure  •with  foam  layer  are  investigated.  The  opportunity  of  the  wave  matching  improve¬ 
ment  of  quasihomogeneous  layered  structures  by  means  of  foam.ed  layer  is  shown. 


INTRODUCTION 

The  radar  absorbers  find  wide  application  to  solve 
problems  of  antenna  measurements,  as  well  as  other 
tasks,  where  the  decrease  or  complete  absorption  of 
microwaves  is  important.  Despite  of  a  variety  of  used 
radar  absorbers  there  is  a  constant  need  to  create  new 
materials  ■with  large  value  of  absorption  and  wide  oper¬ 
ating  bandwidth. 

The  number  of  ideas,  used  for  development,  has  been 
considerably  extended,  when  to  solve  problems  it  has 
begun  to  use  achievements,  obtained  by  research  of 
foam  structures  [1]. 

The  experiments,  which  have  been  carried  out,  have 
shown,  that  the  appearance  of  foam  formations  and 
splashes  on  the  surface  of  sea  result  in  sharp  change  of 
the  characteristics  of  own  and  scattered  radiation  of  tlie 
sea  in  microwave  band.  So,  foamed  surfaces  have  mi¬ 
crowave  brightness  temperature  on  tens  Kelvins  above, 
than  clean  agitated  surfaces  of  the  sea.  Thus  the  value 
of  radiation  coefficient  depends  not  only  on  the  relative 
square  of  foam  cover,  but  also  on  its  structural  features. 

Among  experimental  researches  it  is  need  to  note  the 
works  of  the  soviet-amencan  program  "Bering"  (1973) 
[2].  They  have  shown,  that  in  microwave  band  0.8  -  21 
sm  microwave  brightness  temperature  linearly  grows 
with  the  increase  of  wind  speed  and  its  increment  de¬ 
pends  on  percentage  of  foam  on  the  surface  of  the  sea. 

The  elfect  of  sharp  increase  of  sea  emisshity  due  to 
foam  formations  required  an  explanation.  In  this  con¬ 
nection  the  various  theoretical  estimations  were  fiil- 
filed,  however,  the  complexity  of  theoretical  models  has 
not  allowed,  especially  at  an  early  stage,  to  estimate 
adequately  tliis  phenomenon,  though  the  appeared 
models  predicted  sharp  increase  emissivity  till  1  for 
centimetric  microwaves  with  a  rather  thin  layer  of  a 
mix  and  small  concentration  of  water  in  it  [3]. 

The  practice  has  shown,  that  variety  of  types  and  mo¬ 
bility  of  the  foam  fonuations,  and  also  not  always  fa¬ 
vorable  hj'drometeorological  conditions  on  tlie  sea,  - 
considerably  complicate  statement  purposeful  and 


nsiderably  complicate  statement  purposeful  and  besides 
expensive  experiments  in  nature.  Therefore,  to  under¬ 
stand  physics  of  the  phenomenon  and  to  carry  out  de¬ 
tailed  measurements  in  rather  controllable  conditions 
we  have  done  laboratory  researches. 

In  this  work  the  frequency  dependences  of  electromag¬ 
netic  waves  reflection  by  dispersion  materials  such  as 
foam  samples,  layered  samples,  and  also  a  combination 
of  quasihomogeneous  and  foamed  layers  are  investi¬ 
gated. 

EXPERIMENTAL  RESEARCH 

For  realization  of  investigation  the  measuring  installa¬ 
tion  of  blocks  of  microwave  devices  of  a  type  OK  and 
P2  was  assembled  "on  reflection".  In  measuring  instal¬ 
lation  the  signal  of  the  basic  chaimel  was  used  as  cali¬ 
brated  one,  and  the  signal  of  the  measuring  chaimel 
was  used  as  probe  channel  to  be  applied  for  direction  to 
the  object  of  research. 

The  signal  from  the  generator,  proportional  to  "falling 
microwave  power ",  is  applied  to  the  basic  channel,  and 
the  signal  reflected  by  the  sample  is  applied  to  the 
measuring  channel.  The  values  of  the  ratio  of  the  "re¬ 
flected  signal"  to  the  "incident"  were  fixed  in  decibels. 
For  "zero"  value  the  reflection  on  a  metal  sheet  was 
accepted.  On  the  metal  sheet  the  researched  sample  was 
placed,  and  its  reflection  was  measured  in  the  re¬ 
searched  band  of  frequencies.  Thus,  by  the  way,  the 
frequency  reflective  characteristics  of  researched  sam¬ 
ples  were  obtained. 

The  dispergation  way  was  used  to  obtain  the  foam  sam¬ 
ples,  wliich  essence  is  the  passage  of  the  jet  of  gas  (air) 
through  foam  generator  with  grids.  In  case  the  grids  are 
watered  by  foaming  liquid,  the  samples  of  the  foam  will 
be  formed  at  the  foam  generator’s  output.  In  foam  gen¬ 
erator  some  partitions  from  grids  with  a  various  di¬ 
ameter  of  apertures  were  used,  and  they  were  placed  in 
such  sequence  in  direction  of  the  movement  of  gas  and 
liquid,  that  last  grid  was  with  tlie  minimal  cell  and 
corresponded  to  necessary  average  diameter  of  bubbles. 
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Foaming  liquid  passes  in  turn  through  all  grids  with 
the  help  of  the  jet  of  gas,  and  creates  at  the  output  of 
the  foam  generator  foam  samples  of  necessary  disper¬ 
sion.  Foaming  ratio  of  foam  -  value  representing  the 
ratio  of  volume  of  foam  to  vohime  of  th.e  liquid,  which 
was  used  to  prepare  the  foam.  Foaming  ratio  depends 
on  the  established  values  of  the  gas  and  the  liquid  ex¬ 
pense.  Before  the  beginning  of  measurements  the  cali¬ 
bration  of  foam  generator  was  carried  out  with  respect 
to  foaming  ratio  of  derived  foam.  The  samples  of  foam 
structures  were  prepared  from  6  %  of  the  foaming  wa¬ 
ter  solution  nO-1  at  the  room  temperature. 

The  samples  were  prepared  as  flat  layers  of  necessary 
tliickness  in  foam  nibber  tray  with  the  base  size 
270x290  mm.  On  the  distance  which  is  equal  to  thick¬ 
ness  of  the  sample  from  the  top  of  the  tray,  the  metal 
plate  was  placed  on  the  substructure  of  necessary  thick¬ 
ness.  The  tray  was  filled  by  foam,  the  surplus  was  re¬ 
moved  precisely  on  the  top  edge  of  the  tray.  Thus, 
identical  distance  from  the  aperture  of  the  antenna  up 
to  forward  plane  of  the  foamed  sample  was  provided, 
which  was  equal  to  140  mm.  The  size  of  the  antenna 
aperture  was  equal  lo  80x80  mm, 

ANALYSIS  OF  RESULTS 

Based  on  obtained  results  of  the  reflectivity  dependence 
on  thickness  of  the  sample  it  should  be  noted,  that  for 
thickness  of  the  sample  of  10  mm  the  reflectivity  is 
within  the  limits  of  0  -  12  dB,  average  reflectivity  is  in 
the  order  of  -7  dB  in  researched  band  of  frequencies. 
For  thickness  of  the  sample  of  47  mm  reflectivity  is  in 
limits  of  4,  ...,  -35  dB,  on  the  average  it  is  not  worse 
than  -10  dB.  For  thickness  of  tlic  sample  of  84  mm 
reflectivity  is  within  the  limits  of -5.3,  ....  -30  dB,  on 
the  average  it  is  not  worse  than  -10  dB  in  the  band  9  - 
12  GHz. 

From  the  diagrams  of  Fig.  1  it  is  ea.sy  to  see,  that  the 
dependence  of  reflectivity'  on  thickness  has  oscillating 
character.  It  indicates  that  a  resonance  of  the  reflected 
power  on  thickness  of  the  sample  has  place,  so  the 
foamed  sample  for  the  researched  band  of  frequencies 
is  quasihomogeneous  material,  as  the  size  of  unhomo- 
geneous  (bubbles),  having  Uie  diameter  of  0.1  -  2  mm, 
is  considerably  less  than  the  used  wavelength. 

From  the  Fig.  1  it  is  easy  to  sec  tliat  larger  thickness  of 
the  sample  corresponds  to  smaller  reflectivity  (larger 
value  in  decibels).  So,  for  thickness  more  than  84  mm 
rcflectivify  in  a  band  9-12  GHz  is  not  worse  than  -10 
dB,  and  for  some  frequencies  its  value  achieves  -20  dB 
and  less. 

The  dependences  of  the  reflectivity  on  frequency  for 
samples  with  various  foaming  ratio  are  presented  in 
Fig.  2  (thickness  of  samples  -  45  mm,  dispersion  0.1  - 
2  mm).  From  the  obtained  results  we  shall  note,  that  for 


the  sample  of  foam  with  foaming  ratio  30  value  of  the 
reflectivity  is  within  the  limits  of -2. 9,  ....  -17  dB. 


Fig.  1.  Dependences  of  the  reflectivity 
on  the  sample  thickness  (foaming  ratio  =  35) 

a)  Thickness  of  the  sample  -  10  mm; 

b)  Thickness  of  the  sample  -  47  mm; 

c)  Thickness  of  the  sample  -  84  mm. 


Fig.  2.  Frequency  dependence  of  the  reflectivity 
for  samples  of  various  foaming  ratio 

a)  Foaming  ratio  of  the  sample  30; 

b)  Foaming  ratio  of  the  sample  60; 

c)  Foaming  ratio  of  the  sample  170 
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In  the  considered  band  for  frequency  10  GHz  the  re¬ 
flectivity  is  not  worse  than  -10  dB.  Reflectivity  for 
samples  with  foaming  ratio  60  is  within  the  limits  of  - 
5.7,  -28  dB.  The  reflectivity  for  frequency  10  GHz 

is  no  worse  tlien  -11  dB.  For  samples  witli  foaming 
ratio  170  reflectivity  is  within  limits  of  -2.3,  ...,  -13 
dB.  Reflectivity  around  10  GHz  is  not  worse  than  - 

r^  tlie  Fig.  2  it  is  easy  to  see,  tliat  with  the  increase 
of  foaming  ratio  (that  is  equivalent  to  increase  of  sam¬ 
ples  "drymess"),  changes  boundary'  (for  example,  ma.xi- 
mal)  value  of  the  reflectivity.  So,  witii  foaming  ratio  of 
the  samples  of  30  its  values  are  not  worse  tlian  -2.5  dB, 
with  increase  of  foaming  ratio  up  to  60  reflectivity  is 
not  worse  than  -5,  ...,  -9  dB,  and  with  the  further 
encrease  of  foaming  ratio,  the  value  of  the  reflectivity 
has  intermediate  value,  so  it  oscillates  in  limits  from 
the  minimal  up  to  the  maximal  value  with  the  certain 
direction  change  of  foaming  ratio,  for  example,  from 
the  minimal  up  to  the  maximal  value. 

/(GHz) 

7,84  8,64  9,44  10,24  11,(M  11,84 


Fig.  3.  Frequency  reflection  characteristics 
of  layered  structures 


It  is  necessary  to  take  into  consideration  that  modeling 
of  absorbing  structures  by  means  of  foam  is  possible 
only  in  initial,  more  or  less  long  period  of  its  existance. 


In  common  case,  the  foam  is  a  dynamic  strucmre.  With 
substantial  growtlt  of  time  of  its  existence  its  natural 
disintegration  begins,  which  is  connected  v/ith  flowing 
out  liquid  from  its  film  skeleton.  After  the  certain  time 
of  e.xistence  the  foam  structure  becomes  more  and  more 
radiotransparent  and  ceases  to  render  appreciable  influ¬ 
ence  on  distribution  of  electromagnetic  waves. 

In  Fig.  3  the  results  of  experimental  research  of  the 
reflectivity  dependence  on  frequency  for  layered  sam¬ 
ples  are  presented. 

In  the  diagram  1  the  dependence  of  the  reflectivity  for 
three  -  layer  elastic  sample  with  thickness  of  layers  2,  1 
and  3  mm  and  volumetric  concentration  of  electrocon- 
ductiv  additive  14,  11  and  45  %  accordingly  for  the  1- 
st,  the  2-nd  and  the  3-rd  layers  are  shown.  The  1-st 
layer  is  foamed,  the  3-rd  layer  of  the  layered  structure 
was  placed  on  the  metal  substrate.  In  the  diagram  2  the 
values  of  the  reflectivity  for  the  same  layered  structure 
are  presented,  but  without  foamed  layer. 

From  the  diagrams  it  is  easy  to  see  that  the  sample  with 
a  foamed  layer  has  considerably  better  characteristics  of 
absorption.  So  if  tlie  two-layer  sample  had  the  band- 
vridth  1280  MHz  with  the  reflectivity  at  a  level  not 
worse  than  -5dB  with  the  minimal  value  of  the  reflec¬ 
tivity  -14  dB,  three-layer  sample  with  the  first  foamed 
matching  layer  had  the  bandwidth  3584  MHz  with  the 
reflectivity  at  a  level  not  worse  tlian  -10  dB  and  ob¬ 
tained  minimal  value  of  the  reflectivity  -25  dB. 

CONCLUSIONS 

Using  the  foam  structures  as  an  absorbing  material,  the 
required  reflective  characteristics  can  be  obtained  at  the 
expense  of  correct  selection  of  foaming  ratio  of  foam 
and  sample  thickness.  The  obtained  experimental  data 
give  new  understanding  about  influence  of  foaming 
ratio  and  thickness  of  a  sample  on  electromagnetic 
waves  reflection  from  the  foam  structure  in  the  band  8 
-12  GHz.  As  an  absorbing  material  the  layered  struc¬ 
ture  can  be  effectively  used,  in  which  one  of  the  layers 
is  a  foamed  one. 
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TO  ASYMPTOTICS  OF  A  FIELD  OF  OVERREVERBERATED  BEAMS 
IN  THE  APERTURE  ANTENNA  WITH  RADOME 

I.  V.  Sukharevsky,  S.  E.  Vashinsky 

Kliarkov  mililary  universiSy, 

maiclan  Svobody  6,  Kharkov  310043,  Ukraine 


The  problem  of  existence  and  calculation  of  coordinates 
of  stationar}'  phase  points  in  an  ot'errcvej-berated  field, 
appearing  in  the  aperture  of  antenna  with  dielectric 
radome,  is  investigated  (in  three-dimensional  case)  in 
report.  Our  research  is  based  on  works  of  authors  [l-3j, 
which  include  the  two-parametrical  thcoiy'  of  diffrac¬ 
tion  on  layered  structures  and  the  generalization  of  the 
mirror  images  principle. 

Let  aperture  So  be  located  on  plane  X3  =h>0  and 

radiates  in  half-space  Q“  ( X3  <  h ),  in  which  dielec¬ 
tric  radome,  bounded  by  smooth  convex  surfaces  S,  S^, 
is  disposed. 

Complex  radiation  pattern  in  approximation  of 

physical  optics  has  ([!])  the  following  representation; 

So 

where  q  is  an  arbitrary  unit  vector,  is  the 

field  of  extraneous  sources  (allocated  at  X3  >  /i ),  and 

(£o,Ho)  is  the  field,  excited  by  coming  from  Q.~ 
plane  wave: 

£0  =— Vx£o .  (2) 

y®Mo 

Parameters  A'q,  So>  Po  correspond  to  free  space. 

From  the  formula  (1)  and  from  amplitude-phase  repre¬ 
sentations  of  entering  here  fields,  the  following  expres¬ 
sion  is  obtained: 

^'0 

In  this  case  the  amplitude  vector  f7  and  the  phase 
function  6  are  presented  by  the  following  beam  design. 

We  select  in  an  incident  plane  wave  beams,  piercing 

the  surface  .S'  in  a  direction  -R®  and  forming  sharp 
angles  with  unit  vector  n  in  points  of  .S’;  we  designate 
by  S  a  part  of  surface  S',  “illuminated”  by  these  beams 
(see  Fig.  1). 


So 


Applying  some  asymptotical  technique  ([2])  to  a  prob¬ 
lem  of  beams  passing  through  the  Si  and  fitted  to  S] 
layer,  as  well  as  to  the  subsequent  reflection  from  S , 
we  obtain  (in  general  asymptotic  approximation)  for¬ 
mulae  for  die  U  and  O  in  the  aperture. 

In  particular 

^  =  +  (4) 

where  :=(sin\pcosa;sinv|/sina;-cos\j/)  is  a  unit 
vector  of  scanning;  I  =  (^1,  §2.  gfei.  ^2))  ^  ^  i 

R®  =  (sin9cos(p;sin8sinq);-cosS). 

71  71 

It  is  assumed,  that  S  e  (0;  y];  vp  e  [0; 

Unit  vector  of  reflected  beam  direction: 

P  =-r’^  +2ni^^-n).  (5) 

This  asymptotic  method  based  on  simultaneous  infini¬ 
tesimal  of  layer  thickness  and  wavelength,  relatively  to 
curvature  radii  of  surfaces  S,  Si . 

Further,  the  points,  laying  on  one  reflected  beam  |  e  R 
and  xsSq  are  defined  through  by  relations: 

=  ^1  -  (A  -r)4;  x2  =  ^2  -  (^  X3 = ^  •  (6) 
h  ^3 
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In  the  vicinity  of  points  ,  in  which  yakobian 


det 


dXi 


5^0, 


tlie  system  of  the  equations  (6)  is  convertible;  there  are 
functions  Ei  =^i(xi,X2),^2  inversed  to 

(6).  Therefore, 

o(r;  ofx;  S(x))=  fl)[xj ;  X2] , 

and  our  purpose  consists  in  searching  sucli  points 
X2)  (“stationary  phase  points”),  in  which 

=  (7) 

dxi  6x2 


In  the  given  report  the  following  not  quite  trivia!  result 
is  established-  system  of  identities: 

^^^  =  pf+l?i^u^2)Ai=U2).  (8) 

OXj 

From  (8)  follows 

The  theorem.  If  the  system  of  equations 

Pi  pI  -0  (9) 

has  some  solution  fe.^2)  point, 

fe.E.2,g(?b?2))e‘^,  then  values  (xi,X2,h),  ex¬ 

pressed  by  the  fonnulae  (6),  are  coordinates  of  station- 
arity  of  phase  function  (t>[xi,X2]. 

Thus,  our  problem  is  reduced  to  the  effective  solution  of 
the  system  (9).  Let's  find  this  solution  for  such  a  practi¬ 
cally  important  case,  when  azimutal  angles  of  vectors 

and  are  coincide:  a  =  9,  we  also  designate: 
cosep  =  c;  sincp  =  s. 

Then,  the  system  of  relations  (5),  (9)  is  reduced  to 
equations: 

- ^^^-2-[^5,c+g5/)sin9-i-cosa]=4, (1  =  1;  2),  (10) 

where  Ai  =  c(sin  9  -sin  9  );  A2=s(sin  9  -sin  9  ). 


For  system  (10)  it  is  necessary  to  add  condition,  stipu¬ 
lated  by  a  geometrical  configuration  of  problem; 
/3(^l,^2)>0  ■  This  condition  ensures  uniqueness  of  the 
solution.  Then,  we  have: 


g5,fel>^2)  =  -C0S9C0t^^^, 
g4jfe>^2)=-sin9C0t^^|^. 


(11) 


Hence,  there  can  be  obtained  coordinates  ^1,^2 
reflection  point  and  then,  by  formulae  (6),  coordinates 
of  stationary'  phase  point  in  aperture  Sq. 

The  practical  importance  of  tlie  proposal  research  con¬ 
sists  in  that  a  grid  of  stationary  phase  points  is  ob¬ 
tained.  In  the  local  vicinity  of  these  points  significant 
part  of  the  contribution  brought  by  overreverberations 
from  S  to  antenna  sidelobe  radiation  is  generated. 

Thus,  there  is  the  principal  technical  possibility  to 
compensate  tliese  contributions. 
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DISSIPATION  FIELDS  IN  FLAT  WAVEGUIDE  WITH  A  TRIPLE 
BIFURCATION  AND  DIELECTRIC  FILLING 

V,  Antyfccv,  A.  Borsov,  A.  Sokolov 
Moscow,  Russia 


The  generalized  (Fig,  1),  representing  a  concatenation 
of  flat  waveguides  A,  B  and  C,  filled  by  isotropic  di¬ 
electric  is  considered.  Such  frame  appears  for  conven¬ 
ient  detennination  of  parameters  of  the  equivalent  cir¬ 
cuit  of  the  multi-mode  slotted  radiator  [1],  covers 
practically  all  internal  and  external  problems;  tlie  step 
changing  of  cross-section  at  Cc^oo;  the  radiation  of 
aperture  L  ->  oo  etc.  Tlius  it  is  possible  to  take  advan¬ 
tage  of  modern  methods  of  an  electrodynamics,  w'hich 
allows  to  use  the  previous  results  at  finding  out  of  the 
scattered  field  by  each  subsequent  modification  of  the 
generalized  w'ave-guide  frame,  that  dramatically  re¬ 
duces  a  computing  lime  for  numerical  calculations. 
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Fig.  1.  V\/ave-guide  frame 


The  calculation  of  parameters  of  an  equivalent  circuit 
and  directional  properties  of  the  radiator  requires  con¬ 
sideration  of  a  number  of  internal  and  external  prob¬ 
lems  of  an  electrodynamics  having  essential  differ¬ 
ences.  It  is  bound  up  that  it  is  always  practically 
possible  to  present  the  solutions  of  Maxwell  equations 
determining  an  electromagnetic  field  in  closed  area,  as 
decompositions  on  eigenwaves  for  which  the  discrete 
spcctnim  of  eigenvalues  is  characteristic.  In  a  case  of 
unlimited  area  the  spectrum  of  eigenvalues  becomes 
continuous. 

The  part  of  problem  indispensable  for  detennination  of 
parameters  of  the  equivalent  circuit  is  now  resolved: 
radiation  of  aperture  [1],  the  consideration  of  final 
w'idlh  of  waveguide  v/alls  [2]  etc.  However  calculation 
of  all  units  of  an  equivalent  circuit  and  PP  of  the  ra¬ 
diator  is  necessary  to  unite  by  the  unified  approach 
pennitting  to  find  scattered  fields  in  open  and  closed 
areas,  thus  having  provided  probable  filling  of  cavities 
of  the  radiator  by  dielectric. 


The  basic  method  of  calculation  is  the  modified  metiiod 
of  the  deductions  given  in  [3].  In  the  essence  of  a 
method  there  is  an  obtaining  of  an  infinite  system  of 
simple  equations,  winch  is  in  process  of  seaming  fields 
subject  to  boundary  conditions,  and  the  solution  of  this 
system  by  means  of  application  of  the  mathematical 
methods  of  the  theor/  of  complex  variable  functions. 
The  introduction  of  preliminaiy  analytical  transforma¬ 
tions  results  in  essential  reduction  of  computing  time. 


Let  the  //^o-wave  drops  from  A-area,  which  one  can  be 
described  by  a  function  cp"^.  Distinct  from  zero  compo¬ 
nents  of//po-wave  can  be  recorded  as: 


H 


(0  _  _L 


5  (/) 

Oip  07 


1  5  (;) 

- - — 9^  . 

yVop  dx 


The  scattered  field  in  areas  A,  B  and  C  is  possible  to 
present  as  decompositions  on  eigenwaves.  As  the  frame 
is  unifonn  in  a  Y-direction,  in  decomposition  there  will 
be  only  waves  such  as  and  subject  to  a  symmetry  in 
areas  A  and  B  there  will  be  only  odd  waves  such  as  H„o 
(n  =  1,3,5...).  Ail  component  of  scattered  field  can  be 
expressed  through  appropriate  component  electrical 
fields  =  cp,  and  the  function  cp  should  satisfy  the 
wave  equation; 


+k^ 


(p(x,z)  =  0 


and  boundary  conditions: 

1.  meets  radiation's  condition  at  Z  ->  qo; 

2.  cp  =  0  at  |xj  =  Y  in  area  Z  <  0  and  at  |x|  =  ^  for  ^ll 
Z; 

3.  In  a  plane  Z  =  0  tangent  component  of  full  electri  ¬ 
cal  fields  (p^'^  =  9/'^  +  9  and  tangent  component  of 
full  magnetic  field,  proportional 

3(p(0  3(p(')  99  ,  , , .  . 

— —  =  — — -f  — ,  should  be  continuous. 

8z  dz  dz 

4.  9  -  should  meet  condition  on  an  acute  edge  at 

N=f -2  =  0. 
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(p~p"'+\t  = 


2(e,+l) 
e,  -1 


1  1  .  I  e, -1 

— +— arcsin 

2  K 

1  i  .1 
- arcsin; 

2  71  [^2(e^  + 1)  J 

1, 


at  >  1, 
at  1  >  E;.  >  0, 


p=-!(H-fj 

p  — >  0, 


and  is  permittivity  of  dielectric  near  to  an  acute  edge 
in  area  Z  <  0. 


The  index  (;')  marks  components  of  a  dropping  field,  (/) 
—  those  one  of  a  full  field  and  without  an  index  — 
components  of  the  scattered  field.  The  first  three 
boundary  conditions  are  known  and  are  closed  to  ge¬ 
ometry  of  considered  frame.  The  fourth  condition  is 
additional  encompassing  by  the  requirement  of  finite¬ 
ness  of  energy  of  an  electromagnetic  field  accumulated 
in  any  final  volume  in  a  neighborhood  of  an  acute  edge. 
Tliis  requirement  results  in  a  statement  that  any  com¬ 
ponent  of  electromagnetic  field  in  a  neighborhood  of  an 
acute  edge  can  not  increase  faster  than  (x  >  0)  at 
p  ->  0  [3],  In  particular,  for  a  number  of  private  prob¬ 
lems  the  parameter  (-1  +  x)  attain  following  values:  for 
discontinuous  changing  of  cross-section  (at  Sc  ->  oo)  is 
1/3,  and  for  triple  bifurcation  of  the  waveguide  is  1/2 
[3]. 

The  conditions  (1)  and  (2)  will  be  executed  if  the  scat¬ 
tered  field  in  areas  A,  B  and  C  presents  as  decomposi¬ 
tions  on  eigenwaves,  missing  from  a  plane  Z  =  0.  Thus, 
we  have  decompositions 


CO 

At  Z  <  0  (area  A)  9  = 

n=\ 


At  Z  <  0  (area  C) 


<P  =  X  *  Sinf  —  f  X  -  ]  exp(y;,^  z) 


«=! 


At  Z  >  0  (area  B)  9  =  cos^-^xjexqj^^^z) 


n=l 


Here  propagation  coefficients: 


lU 


^o[  >  Y/ia 


a 


1  1 


'kl 


The  third  boundary  condition  allows  to  conduct  seam¬ 
ing  fields  on  boundary  Z  =  0  and  in  an  (0<x<^) 

interval.  This  procedure  results  in  necessity  of  solution 
of  sets  of  equations,  which  admits  any  number  of  tlie 
solutions,  each  is  mathematically  correct.  However  only 
one  of  tliese  solutions  meets  condition  (4)  for  functions 
9  and  thus  is  true  solution  of  a  considered  problem 
having  physical  sense.  For  this  purpose  it  is  enough  to 
study  an  asymptotical  behavior  of  unknown  factors  of 
decomposition  of  the  scattered  field  Aj,  B„  and  C„  at 
large  n. 

At  fulfillment  of  practical  calculations  the  infinite  sets 
of  equations  were  reduced  into  end-s>'stems  of  equa¬ 
tions.  The  justification  of  such  transformation  follows 
from  an  asymptotics  of  behavior  component  scattered 
field  at  large  n.  The  solutions  of  reduced  sets  of  equa¬ 
tions  can  be  found  by  different  methods,  e.g.:  tlie 
method  of  the  direct  reversal,  witli  usage  of  tlie  theory 
of  continuants  etc.  In  this  case,  most  effective  is  a 
modified  method  of  deductions  requiring  of  a  minimum 
volume  of  calculation  [3].  The  basis  of  a  modified 
method  of  deductions  is  the  construction  of  a  holomor- 
phic  complex  variable  function  f(co},  satisfying  to  a 
number  of  conditions.  The  fulfillment  of  these  condi¬ 
tions  allows  to  substitute  all  members  of  a  set  of  equa¬ 
tions  by  the  sum  of  deductions  of  a  constructed  func¬ 
tion. 


Then  the  amplitudes  of  elapsed  waves  in  area  B  are 
determined  as; 


B 


n 


Res{/(Y,i)}^ 


(1) 


Amplitudes  of  waves  scattered  in  area  A: 

Ar„={-\yT 


After  applying  a  similar  procedure,  scattered  field  in 
area  C  looks  like: 
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Thus,  if  it  will  be  possible  to  construct satisfying 
five  above-mentioned  conditions,  by  means  of  formulas 
(1-3)  it  is  easily  possible  to  find  out  amplitudes  elapsed 
and  scattered  field  in  areas  A,  B  and  C. 


In  particular,  in  a  case  of  a  triple  wave-guide  bifurca¬ 
tion  without  dielectric  factors  and  p„,i,  becomes 
equal  zero  and  the  function /(w)  looks  like: 


xexp 
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«=i 
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7771 


The  given  modification  of  the  generalized  frame  docs 
not  describe  any  of  units  of  the  equivalent  circuit  of  the 
radiator,  but  has  the  relevant  practical  value,  as  the 
constructed  function  /(cj)  can  be  used  at  calculations 
of  all  subsequent  modifications  of  the  generalized 
wave-guide  frame. 
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NEW  METHOD  OF  AERIALS  CALCULATION 


V.  V.  ArtemieVj  V.  L.  Danilchuk,  J.  J.  Radzig,  S.  I.  Eminov 

Department  of  Theoretical  and  Special  Physics,  Novgorod  State  University, 
41,  St.  Petersburg  St.,  Novgorod,  173003,  Russia. 


STRUCTURE  OF  THE  INTEGRAL  EQUATION 

The  initial  equation  for  the  impedance  dipole  has  a 
form  [1]; 

=  (1) 


(2)  is  the  Fredholm  equation  of  the  second  kind  in  , 
where  Z  is  the  operator  of  the  multiplication  on  Z{i) 
function.  Define  the  scalar  multiplication  in  as 
fellows; 


where  E^(j^)  is  the  secondary  field  induced  by  the 
current 

For  the  case  when  Z  =  0,  the  structure  of  the  equation 
(1)  has  been  studied  by  the  authors  in  the  papers  [2,  3]. 
Using  the  results  from  these  works,  the  equation  (1)  can 
be  written  in  a  more  obvious  form  as  follows: 


When  tlie  impedance  Z  is  a  constant  value,  the  matrix 
elements  (6)  are  found  analytically.  In  the  case  when 
w  =  2/  -  1,  n  =  2/  -  1  (the  even  problem)  we  found  the 
matrix  elements  as  following: 

r  . .  '  ‘ 


aiAI){T)  +  ^ZIiT)  +  (KI)ix)=  (2) 

2na 


a-—  f/(0  — ln|-^^/r+  — Z/(x)  + 

n  dz  ^  dt  T-r  2na 

-1  I  I 

1 

-1 


where  a  is  a  constant  value,  1(t)  =  2na 

ei^)-Ez{k),  21  and  a  are  the  vibrator  length  and 
radius,  correspondingly. 

The  equation  (2)  will  be  investigated  in  tire  power  do¬ 
main  Hji  of  the  positively-defined  operator 


7t  rtr  at  x-t 


(3) 


The  ortliogonal  normalised  basis  of  can  be  written 

T 


as;  cp(T)  =  J — sin[/tarccos(T)],n  =  1,2,...  (4)  In  the 

papers  [2,  3]  it  was  proved  that  the  operator  A~^K  is 
entirely  continued  in  .  The  operator  A~^Z  is  the 
Gilbert-Sehmidt  operator,  i.  e.  it  satisfies  the  following 
condition  ; 


Z 

»!,«=] 


<  -KO  , 


(5) 


where  [•,•]  means  a  scalar  multiplication  in  do¬ 
main  and  (•  ,•  )  means  a  scalar  multiplication  in 
L2[-1,1].To  prove  this,  it  is  enough  tliat  the  equation 


1 

•  J sin[(2/  -  l)arccos(T)]  x  sin[(2 j  -  l)arccos(T)]i/T  = 

-1 

^ _ V(2/-l)(2y-l) _ 

271(1  +  y  -  ^)(i  +  y  + 1)(/  -  y  +  i)(y  -i  +  ~) 

By  means  of  die  expression  (7)  the  condition  (5)  can  be 
checked.  In  conclusion  of  this  paragraph,  note  that  in 
the  case  of  the  varying  impedance  the  function  Z(t:)  is 
added  to  the  integral  (7).  If  Z(x)  is  the  partially- 
smooth  function  (and  tliis  condition  is  assumed  for  all 
the  considered  mathematical  models  of  the  impedance 
structure)  then  it  is  possible  to  extract  the  asymptotic 
solution  of  the  integral  by  partial  integration,  and  it  can 

be  proved  tliat  ,4“^Z  is  entirely  continuous  in  too. 


UNIQUENESS  OF  THE  GENERAL  SOLUTION 

As  tlie  alternative  Fredholm  equation  is  used  for  tlie 
equation  (2),  the  equation  should  have  only  one  solu¬ 
tion  or  the  correspondent  uniform  equation  should  have 
a  non-zero  solution.  We  shall  show  that  the  uniform 
equation 

-EzUz)  +  Zj,  =  0  (8) 


for  Re(z)  >  0  lias  only  zero  solution.  Write  the  expres¬ 
sion  for  the  secondary'  field 


EzU 


i  )  =  -  R- 

.-r.  1  _ 


ik\ 


■11/ 


-ikR 


,2  ^ 


(9) 


2  4%R 


-dS 
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Using  the  expansion  of  Green's  function  into  the  sum- 
integral  in  the  cylindrical  coordinate  system  [1]  the 
following  can  be  obtained: 

I — +00 

J  ,  (10) 

•  jj  (z')e-'^~^'^dz'dfi 

-1 

where F(//)  =  ’ 

Jo  is  the  Bessel  function  and  is  the  Hankel 

function. 

Note  that  the  function  F(h)  is  of  imaginary'  value  when 
>k^.When  <k^  then Re(F(h)) > 0. 

Multiply  (8)  on  the  complex  conjugate  J  and  integrate 
the  product.  It  is  the  same  with  a  scalar  multiplication 
of  in  Z,2  [-1>1] 

-iEzij\\j\hiZJ,J,)  =  0  (11) 

The  relation  Re{-(ji^{j ^),J ^)+{z  J J}>0  can  be 
proved  easily  when  we  transverse  from  tlie  function 
to  its  Fourier  transformation  (11)  in  accordance  to  (10) 
and  the  condition  Re(z)>0.  The  equality  to  zero  takes 
place  only  when  (z)  =  0  and  then  it  is  proved  that  the 
general  solution  is  uniqueness. 

THE  NUMERICALLY-ANALYTICAL  METHOD 

In  tlieory  of  dipole  antennas  there  is  a  problem  to  cal¬ 
culate  a  current  and  an  input  resistance  for  active  an¬ 
tennas.  Assume  that  the  incident  field  is  localised 

at  a  small  region  and  has  a  sharp  extremum.  The  corre¬ 
spondent  functions  are  called  particular  ones.  The 
characteristic  mathematical  property  of  the  particular 
function  is  that  it  can  be  extended  into  the  slowly  in¬ 
creasing  series.  Solution  of  the  integral  equations  with 
the  particular  right-hand  part  by  the  Galerkin's  method 
is  very  ineffective.  A  new  numerically-analytical 
method  is  proposed  which  is  based  on  the  presented 
analysis.  According  to  this  method  the  solution  is  found 
in  the  following  fonn; 

N  +00 

1=1  i=N  +  l 

The  first  vV  unknown  variables  are  found  by  soling  the 
system 

N  N 

Ci  +  J^CjIij  +  Y,CjKij  =  ei,  (13) 

j=l  i=l 


and  the  last  unknown  variables  are  found  by  the  ana- 
ly'tical  method 

Ci^ei,  N  +  l<i<+oo  (14) 

It  is  necessary  to  take  into  account  N  terms  to  acliieve 
the  necessary  precision.  N'  is  found  from  the  results  of 
the  numerical  experiments. 
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INTRODUCTION 

In  the  field  of  antenna  technology  a  lot  of  attention  has 
been  paid  to  microstrip  antennas  (MSA)  recently.  Many 
papers  are  devoted  to  tliis  problem.  But  the  theoretical 
part  of  these  investigations  has  not  been  carried  out 
sufficiently  yet.  Nowadays  the  constniction  of  effective 
methods  of  integral  equation  solution  for  such  problems 
is  very  important. 

This  paper  gives  a  new  numerical  and  analytical 
method  of  integral  equation  solution  for  linear  plane 
multilayer  dielectric  substrate  vibrators.  The  analysis  of 
electrodynamic  microstrip  antenna  characteristics  is 
made  on  the  basis  of  this  method. 


f  -  ^y.2Pi 

PoPl+PlP 

where 

Pi=VX?+X?-^?  .  . 


Fig.  1 


TWO-DIMENSIONAL  INTEGRAL  EQUATIONS 

Let’s  assume  that  the  strip  width  d  is  much  smaller 
than  its  length  I  and  the  wavelength  X ,  then  tlie  den¬ 
sity  of  surface  current  j  can  be  expressed  through  one 
component.  The  two-dimensional  integral  equation 
relative  to  this  component  is  written  as 


where 


a:  =  - 


87i'^a)So 


||fe/l(xi,X2)- 


V2(Xl.X2))' 


P 


-^Xl^X2 


p=^^ 


X?+xf~X'o  ,  ^0  -  ®-\/^oPo  > 


Eg  -  antenna  exciting  initial  field. 

For  free  space  tlie  functions  /iCxi'Xa) 
/2(xi,X2)  are  equal  to  unit. 


The  analysis  of  the  integral  equation  (I)  shows  that  the 
equation  structure  is  defined  by  behaviour  of  tlie  func¬ 
tion  fi  .  When  Xi+Xi->°°-  function  is 

-  2Cf,  r  y  A  •  ^'^0  — ' 

fi  —  .  Let  s  denote  it  as  - -  —  =  s  . 

eg  +  Si 


When  an  antenna  is  placed  on  a  dielectric  substrate 
having  thickness  h  and  a  screen  (Fig.  2),  these  func¬ 
tions  are  as  follows 


(egp  , /l)  + 

^  PoP#(Pl^)  +  PlP 


When  antennas  are  placed  directly  on  the  boundary  of 
two  mediums  (Fig.  1)  these  functions  have  the  follov/- 
ing  form 


/l=7 


2p^eoR 


tyoPi  +  EjPjjv?  +  yj 


]• 


And  the  function  behaviour  /j  is  tlie  same  as  when 
an  antenna  is  placed  on  the  boundary  of  two  mediums 

Eg-t-Sj 

The  same  regularity  is  characteristic  of  a  multilayer 
dielectric  substrate  antenna  (Fig.  3). 


Proceedings  of  the  3rd  International  Conference  on  Antenna  Theory  and  Techniques,  Sevastopii,  Ukraine,  8-11  Sept.  1999 


416 


Fig.  3 


In  this  paper  the  general  method  is  offered  for  all  the 
structures  mentioned  above. 

ONE-DIMENSIONAL  INTEGRAL  EQUATION 

Using  the  method  developed  by  the  authors  we  reduce 
the  integral  equation  (1)  to  the  following  one¬ 
dimensional  integral  equation 

r(A7)(x}  +  (/a}(r}  =  iJjjEo(^),  (2) 


where 


■Ho  1 


(/f  /)(t)  =  -  i  X  j  cos[x(t  -  r)]^  {t)duJx  , 


0  -1 


W)  =  ^j 


271^ 


Kr 


kd 


%kd 
4 

[  cos[x/;4x  -  /)]/  {t)dtdi  +  X 


-foo-j-ocj.  , 

X  I  J1x?(/1(Xi.X2)-e)-/26ci>X2)1x 
0  0 

1 

X  jcOs[xAi(T-/)]/(/)ci/£/x  ■ 

-1 


7  -  is  the  function  of  antenna  surface  current, 
70,7^0  “  modified  Bessel  functions. 


Jo,  m^n, 

and  reduce  the  equation  (2)  to  the  infinite  set  of  equa¬ 
tions 


He 

+  l<«<-KO,  (4) 

m=\ 

The  authors  have  proved  that  the  set  of  equations  (4)  is 
a  set  of  Fredholm  equations  of  the  second  kind.  Besides 
they  have  developed  some  effective  calculating  method 
for  matrix  elements  K^„  in  consideration  of  poles  of 
integrands.  These  poles  correspond  to  surface  waves 
propagating  in  a  dielectric  substrate. 

We  can  use  the  numerical-analytical  method  for  solu¬ 
tion  of  the  set  of  algebraic  equations  (4).  We  obtain  the 
solution  in  the  form  of  decomposition 

N  +«> 

n=l  n-N+\ 

and  besides  the  first  unknowns  N  are  defined  by 
Galerkin  method  from  the  cut  offset  of  equations 

N 

m=\ 

This  set  of  equations  is  deduced  from  the  integral 
equation  by  Galerkin  method.  The  other  unknowns  are 
calculated  analytically 

jV  +  1<«  <+00  .  (7) 

That  is,  tlie  continuous  operator  K  is  substituted  for  an 
approximate  operator  and  a  term  in  the  right-hand  side 
of  tlie  equation  is  given  a  definite  value.  This  principle 
peculiarity  differs  tliis  method  from  the  known  modifi¬ 
cations  of  the  Moment  Method. 

The  approximate  solutions  c'  =  have  been  cal¬ 

culated  by  the  numerical  and  analytical  method,  they 
have  the  following  speed  of  convergence  to  the  exact 

solutions  c  =  [c„ 


NUMERICAL-ANALYTICAL  SOLUTION 
METHOD  FOR  INFINITE  SETS  OF  LINEAR 
ALGEBRAIC  EQUATIONS 

Let’s  define  the  function  of  current  as 

+00 

n=l 


where 


1,2,... 


c-c'  <- 


const 


(8) 


Tills  paper  gives  the  detailed  analysis  of  electrodynamic 
characteristics  of  microstrip  antennas  on  the  base  of  tlie 
present  method.  We  have  investigated  the  influence  of 
geometrical  dimensions  of  microstrip  antennas,  pa¬ 
rameters  of  excitation  field,  parameters  of  dielectric 
mediums  on  microstrip  antenna  characteristics.  We 
have  offered  the  effective  measures  for  improvement  of 
bandwidtli  of  antennas. 
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PROPAGATION  OF  THE  ELECTROMAGNETIC  WAVES 
IN  DOUBLE  RING  WAVEGUIDE  WITH  DIELECTRIC  LAYERS 


A.  V.  Bczugliy,  V.  V.  Khoroshun* 

Kharkov  Technical  University  of  Radioelectronics 

Lenina  Ave.,  14,  Kharkov,  3 10726,  Ukraine,  Fax  (0572)  409345 

♦Kharkov  State  University,  Svobody  Sq,  4,  Kharkov,  310077,  Ukraine,  Tel.  (0572)  126727 


In  this  paper  the  problem  of  electromagnetic  wave 
propagation  in  periodical  structure  consisting  of  coaxial 
metallic  rings  separated  by  a  homogeneous  isotropic 
dielectric  layer  with  complex  dielectric  permittivity  is 
considered. 

It  is  assumed  that  the  rings  are  infinitely  thin  and  per¬ 
fectly  conducting.  Dielectric  layer  forms  cylindrical 
cover  with  thickness  b  -  a,  where  b  is  the  radius  of 
external  ring;  a  is  the  radius  of  internal  ring. 

Since  tlie  system  is  periodic  to  axis  x  with  period  /  (the 
distance  between  rings  -  slot  width  is  d,  the  ring  height 
is(l  -  d)  accordingly),  fields  are  also  periodic  functions 
on  z  and  are  expressed  in  form  of  Fourier  series,  wliich 
coefficients  are  the  Bessel  functions  of  first  and  second 
kinds. 

On  the  boundary  surface  r  -  a,  r  =  b  exact  boundary 
conditions  are  formulated,  namely;  tangential  electric 
fields  are  zeroing,  on  rings,  continuities  of  electric  and 
magnetic  fields  on  slots.  In  case  of  symmetric  waves 
propagation,  a  set  of  equations  obtained  by  sewing 
together  fields  is  broken  up  into  E-  and  ff-types. 


where 

t 

J  ■^o(Po^)  g -^0^^  (Po^)  J  Jq  iPpa) 
JoiPoa)  ’  H^Q^ipab)  ’  JoiPoa) 


dpiPpl^)  I  Cl  H^\poo) 

JpiPpa)  b  H^hppb) 

Jo  iPpaW^'^  (Ppb)-  {p(id)J  0  ipQb) 


Po^  =  ^^^ 
A 

X^-v^,  PoO  =  jj\ 

1  2  2 
'X  e-v  , 

Ppb  =  -^-\j 

f  2  2 

xe  -V  , 

Jo,  are  Bessel  functions  of  first  and  second  kinds, 
Jo’,  //o'"''  are  theirs  derivatives; 

A  =  1/2710,  A'  =  Vlnb  are  dimensionless  parameters. 


Due  to  results  obtained  in  [1],  both  sets  of  equations  are 
reduced  to  the  boundaiy  Riemann-Hilbert's  problem 
that  allows  us  to  express  the  solution  in  terms  of  infi¬ 
nitely  sets  of  linear  algebraic  equations,  w'hich  permit 
to  use  the  reduction  technique  applic. 


In  case  of  X  =//2-«l  (A,  is  the  wavelength)  when 
zeroth  space  mode  propagates  only  and  assuming  a 

parameter  v  =  — «1  (/jq  is  propagation  constant 
271 

along  system  axis),  as  well  as  the  slots  be  narrow 
Tid 

( tt  =  cos  —  « 1 ),  dispersion  equation,  describing  Eo„ 
and  Hon  -  modes  propagation,  is  obtained. 


1 


A(l  +  e)(poo) 
lip 


Po 


An(l-i-z)ippaf 


C  =  -ln 


1-M 


(1) 


-  (zl B  “^ )]  - 


Po 


71  2 


(2) 


C  looks  like  C,  but  Bessel  functions  are  replaced  with 
their  derivatives. 

Dispersion  equations  (1),  (2)  pennit  passing  to  the 
limit: 

1)  to  a  ring  waveguide  in  boundless  dielectric  (under 
condition  b-^oc)-, 

2)  to  a  ring  waveguide,  situated  in  free  space  (under 
conditions  A  oo,  z  =  1); 

3)  to  a  double  ring  waveguide,  situated  in  free  space. 

Directing  i  ->  oo  in  equations  (1),  (2)  we  obtain  expres¬ 
sions: 

for  //-waves; 


_ 27Ji(poa)/ff^(Poa) _ 

Jq  ipQa)H^^^'  ip^a)  -  ^  j'o  (po«)^o 


(3) 


for  B-waves; 
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_ 2iJoipoa)H^^\poa) _ ^ 

K^JoiPo^Wo^  (Po^)-j'oiPoa)H^^\poa) 


Assuming  in  equations  (3),  (4)  e  =  1  we  get  expres¬ 
sions: 

for  //-waves; 

^  ln^-i^--l 

j'o(Pqo)H^^'>  (p^a)  2 

for  £-waves: 

v/  _ 1 _ 

^^(Po^)  Jo(Poa)H^^\pQa)  2 

which  coincide  with  equations,  obtained  in  [3],  Finally, 
assuming  in  expressions  (1)  e  =  1  wc  obtain  equations 
for  the  double  ring  waveguide  in  free  space 


for  £-waves: 

i 

•2(j{PQb)  ^  a  PIq^Poci) 

AniPoaf 

Jo(Po^)  b  //«(/?o6) 

•2oiPo^Wo^{Po^)  -JoiPol^Wo\po») 


for  //-waves: 


Ai 

J  o(Po^)  1  ^  -^0*^  (Po'^) 

K 

J'^ip^a)  bH^^^\pob)_ 

j'o{Poa)H^^  (Pob)-Jo(pf)b)H^^'>  (p^a) 


which  coincide  with  corresponding  equations,  obtained 

in  [3], 
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INTRODUCTION 

In  the  design  of  microstrip  monolithic  integrated  cir¬ 
cuits  and  millimeter-wave  printed  antennas,  accurate 
numerical  modeling  becomes  important  as  the  operat¬ 
ing  frequency  becomes  higher.  Besides  of  metallic 
patches,  dielectric  antennas  are  actively  studied  as 
alternative  radiating  elements.  Our  solution  of  the 
scattering  by  a  circular  dielectric  patch  is  based  on  the 
Method  of  Regularization  combined  with  the  Galerkin's 
Method.  This  method  has  a  controlled  accuracy  in  the 
resonant  range,  and  a  much  smaller  matrix  size  in 
comparison  to  solutions  obtained  by  direct  applications 
of  the  Method  of  Moments. 

PROBLEM  FORMULATION 

We  consider  a  circular  dielectric  disk  placed  ontop  a 
grounded  dielectric  substrate.  This  structure  shown  in 
Fig.  1.  It  is  excited  by  a  vertical  electrical  dipole  (VED) 
located  at  the  axis  of  symmetry,  on  the  perfectly  con¬ 
ducting  ground  plane.  Such  a  source  simulates  a  coax¬ 
ial  probe  feed. 


Fig.  1.  Geometry  of  the  problem 


The  foil-wave  problem  formulation  involves  Max\veirs 
equations  and  toundary,  edge  and  radiation  conditions. 

The  field  components  are  expressed  via  the  Fourier- 
Bessel  transforms.  Due  to  the  presence  of  the  metal 
ground  plane  and  the  dielectric  layer,  the  kernel  func¬ 
tions  are  determined  by  tlie  Green's  fonction  of  the 
stratified  medium  This  enables  us  to  account  rigorously 
for  the  surface  and  leaky  wave  effects  [1].  Then,  tlie 
approximate  boundary  conditions  for  the  thin  penetra¬ 
ble  material  sheets  [2]  are  used  due  to  the  presence  of 
the  dielectric  disk: 

[E'  +  E°]=2Z^x[H^Hf], 

[H;  +  Hf]=-^Snx[Ef-E?]> 


where  = 

In  terms  of  the  normalized  coordinate  r  and 
ka  =  2rt-,  v,=Jx^-.:ka2,  two  couplcd  scts  of  the  dual 

integral  equations  (CD IE)  are  derived: 

CO 

J  Jj  (Kr)a  ^  (k)c/k  =  0,  r  >  1 

0 

•« 

I  Jj  (icr)  (K)a^  (k)  +  D~  (K)a^  (k)  jfic 

.0 

GO 

=  |jj(Kr)n°(ic)yoK:^(iK  ?-<l 
0 

CO 

Jyj(Kr)a^(K)£fic  =0,  r>l 

_  0 

J  Jj  (Kr){l5  (K)as  (k)  +  D~  (K)aii  (k)}/^ 

.0 

00 

=  j'7j(Kr)n°(K)K^<fK 
0 

where  and  are  the  unknown  functions;  Pr, 

and  D~  are  the  known  functions  depending  on  the 
layered  medium  parameters.  Right  hand  part  integrand 
n°(K)  is  determined  by  the  excitation,  e.g.  by  the 
location  of  tlie  VED  source. 

The  weight  functions  pj^  and  p^  have  a  number  of 
real  and  complex-value  poles  corresponding  to  the 
surface-wave  and  leaky-wave  modes  of  the  substrate, 
respectively. 

METHOD  OF  REGULARIZATION 

Each  of  the  CDIE  obtained  consists  of  two  IE.  Unlike 
by  the  Method  of  Moments,  we  propose  to  invert  ana¬ 
lytically  the  singular  parts  of  them,  that  results  in  the 
infinite  matrix  equation  of  tlie  Fredholm  2-kind,  and 
guarantees  convergence  of  numerical  solution.  To  ob¬ 
tain  a  matrix  equation,  we  discretize  CDIE  by  using  a 
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Galerkin  projection  scheme  with  a  set  of  judiciously 
chosen  basis  functions.  The  unknown  functions  of  each 
pair  of  CDIE  are  expandedin  terms  of  different  basis 
functions  depending  on  the  patch  properties  and  the 
edge  conditions. 

Consider  the  first  set  of  the  IE.  We  expand  the  un¬ 
known  function  as  it  was  proposed  in  [3]; 

oo 

n=0 

where  tlic  expansion  functions  are 

(t)„(K)  =  yj4n+5-J^^^5^(,K)-^  , 

so  that  they  are  orthogonal  eigenfunctions  of  the  static 
limit  of  this  equation.  Such  a  choice  of  the  basis  func¬ 
tions  allows  to  invert  the  singular  part  of  the  dual  inte¬ 
gral  equations  analytically  and  provides  satisfying  the 
edge  condition  on  the  patch  rim,  Furthermore,  the  first 
equation  is  satisfied  identically. 

Extracting  the  free-space  disk  static  (singular)  part  of 
the  dual  integral  equations  is  done  by  introducing  the 
function  (k)  ,  such  that 

1  +  s 

Note  that  analjlical  inversion  of  a  part  of  original  op¬ 
erator  essentially  exploits  the  circular  shape  of  the 
patch. 


CDIE,  the  infinite  block  matrix  equation  (IBME)  of  the 
Fredholm  2-nd  kind  is  obtained  like  it  was  done  in  [5] 
for  a  perfectly  conducting  disk. 

am  -  =  tmW 

n=0  n~Q 

■i  > 

n=0  /)=0 


where 


el  =  ]  n;5(K)^„(K)4.„(KyK  i  ^  ; 

0  0 
go  CO 

6,^  =  n“(>:)r>„(K)K<Ac  i  6;^  =cs  Jn‘’(K)5c„(K)Kt/K  i 

0  0 

kD„(k)  -  I  irn  Cir'l 


7tD„(K) 


D 


-/|  \  Y.sinh(Ye^)-yoEcosh(Yeti):  „  Eco.sh(Ye^)  ; 
^  DM  DJk) 

(k)  =  Y,  sinh(Ygh)  +  Y„e  cosh(Y,h) 


Here,  the  IBME  elements  have  rapidly  decaying  inte¬ 
grands  due  to  the  choice  of  the  basis  functions  and  are 
efficiently  computed  by  a  numerical  procedure.  How¬ 
ever,  in  the  case  of  the  Bessel  functions  it  is  necessary 
to  expand  the  kerhels  and  make  some  analytical  inte¬ 
grations  if  wish  to  reach  the  machine  precision  in  our 
computations. 


The  second  of  CDIE  can  be  easily  converted  to  an  inte¬ 
gral  equation  of  the  Fredholm  2-nd  kind  by  the  the 
inverse  Furier-Bessel  transform.  It  does  not  require  the 
analytical  regularization.  However,  a  good  choice  of 
basis  functions  allows  to  simplify  a  numerical  solution 
of  the  problem  and  to  decrease  the  CPU  time  expenses. 
We  consider  two  sets  of  the  basis  functions  [4]; 


CONCLUSIONS 

We  have  proposed  a  fiill-wave  approach  to  the  analysis 
of  tlie  axially  symmetric  dielectric  patch  antenna  ex¬ 
cited  by  a  vertical  electrical  dipole.  Based  on  this  ap¬ 
proach  the  efficient  numerical  techniques  were  devel¬ 
oped. 


CO 

n=0 

rr-- 

where  X«W  =  J— 2  are  proportional 

to  the  generalized  Laguerre  polynomials;  and 

CO 

n=0 

where  x«(’<:)  =  2Vn+l-/2«+2('^).  ‘^2«+2('^)  the 
Bessel  function  of  the  integer  order.  We  made  the  com¬ 
parison  of  advantages  and  disadvantages  of  these  func¬ 
tions  when  solving  the  matrix  equation. 

On  using  the  orthogonality  of  the  chosen  functions  and 
the  fact  that  they  diagonalize  the  operators  of  the 
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RIGOROUS  CALCULATION  OF  ACTIVE  ANTENNAS 

V.  L.  Danilchuk 

Department  of  the  Theoretical  and  Special  Physics,  Novgorod  State  University, 

41,  St.  Petersburg  st.,  Novgorod,  173003,  Russia 


Problems  of  development  of  compact  antennas  (in 
short-wave  band,  ultra-short  or  higher  frequencies  wave 
band)  witli  a  high  sensitivity  and/or  a  wide  passband 
attend  a  stable  non-reducing  interest.  As  a  rule,  this 
problem  is  solved  by  one  of  the  following  ways: 

•  development  of  short  inductively  loaded  antennas; 

•  design  of  antenna-amplifiers  (active  antennas) 
(AA). 

•  The  first  problem  was  considered  in  Ph.D.  thesis 
[1]  of  one  of  the  present  paper  authors  within  the 
frame  of  parametric  symthesis. 

The  second  problem  is  a  destination  of  the  present 
paper.  As  a  rule,  such  a  problem  is  subdivided  into  two 
ones  with  sufficient  features  of  approaches  to  each 
problem:  design  of  resonant  AA  and  nonresonant  AA. 
High  level  of  the  external  noises  within  the  range 
30^-70  MHz  provide  a  possibility  to  develope  antennas 
of  very  short  electrical  length  and  obtain  a  wide  AA 
passband  when  using  the  antenna  w'ith  an  active  ele¬ 
ment.  However,  for  very  small  dimensions  of  the  an¬ 
tenna  and  high  dis-matching  of  its  output  with  the 
aqmplifier  input  (for  non-resonant  AA)  tlie  amplifier 
noise  can  be  a  factor  which  needs  to  be  taken  into  ac¬ 
count  in  such  devices  in  spite  of  the  high  external 
noise.  So,  most  of  researchers  in  this  field  use  different 
principles  of  AA  constructing  depending  on  the  wave 
band. 

The  resonant  AA  solution  stages  so  are  the  following: 


a)  choice  of  AA  structure; 

b)  solution  for  the  antenna  itself:  calculation  of  pass- 
band  (which  is  a  dominant  one  in  the  system  "an¬ 
tenna-amplifier")  (Fig.  1) 

c)  solution  for  the  amplifier  (Fig.  2)  (calculation  of  its 
stability,  nominal  gain  factor  (Fig.  3),  nominal 


differential  factor  of  noise,  nominal  noise  value 

(if  the  operating  frequency  is  more  than  100  MHz), 
input  and  output  impedance); 


Fig.  3 


Fig.  4 
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d)  solution  of  the  problem  on  possibility  of  the  an¬ 
tenna  optimal  matching  with  tlie  amplifier  (Fig.  1, 
4); 

e)  correction  of  the  antenna  output  parameters  and 
the  amplifier  input  ones. 

The  main  stages  of  non-resonant  AA  calculation  are 
the  same,  with  only  one  correction,  consisting  in  that 
the  passband  is  calculated  for  the  amplifier  as  well,  and 
the  noise  characteristics  of  the  amplifier  are  taken  into 
account  for  any  frequency  band. 

Calculation  of  the  antenna  electromagnetic  parameters 
is  carried  out  by  means  of  a  rigorous  numerically- 
analytical  method  considered  in  [2,  3]  in  details. 

Conventional  calculation  of  AA  was  carried  out  by  a 
graph-analytical  method,  where  the  calculation  for  the 
antenna  itself  was  out  of  the  consideration  (only  its 
static  output  characteristics  were  considered)  and  for 
the  amplifier  calculation  a  theory  of  two-ports  [5]  was 
used.  It  resulted  in  rather  an  approximate  result,  and 
consequently  the  experimental  operational  development 
of  such  AA  was  almost  the  main  stage  of  work.  The 
authors  of  the  report  propose  more  rigorous  solution  on 
their  opinion,  without  the  mentioned  above  subdivi¬ 
sions  of  the  whole  algorithm  for  solving  tlie  problem. 
Along  with  the  rigorous  calculation  of  electromagnetic 
characteristics  ofthe  antenna  itself,  the  conventional 
two-port  of  the  active  element  of  the  scheme  is  replaced 
with  the  following  adapted  models  [6,  7]: 


-  for  a  bipolar  transistor  -  with  the  Gummel-Pun  model 
(or  Ebers-Moll  one  in  simplified  case)  (Fig.  5); 


-  for  a  field  transistor  with  a  controlling  p-n  -  transition 

-  with  the  Shihman-Hodzes  model; 

-  for  a  field  MOH-transistor  of  LEVEL=4  models  (or 
LEVEL=3,  LEVEL=2,  LEVEL=lin  simplified  case). 

Due  to  SAPR,  elements  of  the  active  circuit  can  be 
operatively  corrected  at  any  stage  of  development. 


The  main  attention  when  choising,  calculating  and 
measuring  the  amplified  and  noise  parameters  of  the 
amplifier  is  paid  to  system-invariant  initial  parameters 
(  Y,  Z,  H,  S  parameters  )  of  the  amplified  and  noise 
characteristics,  and  which  is  more,  the  basic  expres¬ 
sions  are  appropriate  for  absolutely  steady,  as  well  as 
for  conditionally  steady  amplifiers. 

The  proposed  approach  and  wide  application  of  SAPR 
enables  one  to  realise  AA  with  a  high  reliability  on  the 
basis  of  computer  designing  as  well  as  to  achieve 
minimal  experimental  operational  development. 
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ABSTRACT 

The  authors  have  developed  a  numerieal  algorithm  for 
analysing  the  electric  characteristics  of  the  system  of 
vibrators  arbitrarily  located  above  the  ground.  The 
algorithm  allows  one  to  calculate  the  anterma  radiation 
patterns  corresponding  to  the  harmonics  (subharmon- 
ics)  of  the  fundamental  radiation,  the  frequencies  of 
intermodulation  interference,  the  pattern  distortions, 
and  the  input  impedance  change  caused  by  the  installa¬ 
tion  of  additional  antennas  on  a  given  object.  The  vo- 
tage  induced  by  the  nearby  transmit  antennas  can  be 
calculated  as  well. 

INTRODUCTION 

To  analyze  the  electromagnetic  compatibility  (EMC)  of 
radio  systems  (RSs)  located  inside  an  object  it  is  neces¬ 
sary  to  find  the  channels  that  support  the  influence  of 
electromagnetic  field  on  these  systems.  Electromagnetic 
field  may  propagate  over  the  communication  lines  of 
RSs  connecting  individual  blocks,  circuit  wires  and 
transmit  and  receive  antennas  of  RSs.  This  paper  does 
not  consider  connection  lines  between  blocks  and  cir¬ 
cuit  wires  of  radio  systems. 

The  estimation  of  the  EMC  inside  the  object  involves 
the  estimation  of  the  electromagnetie  field  influenee  on 
the  antenna  systems.  The  key  electromagnetic  field 
characteristics  depend  on  the  source,  the  surrounding 
medium  and  the  distance  from  the  source  to  the  obser¬ 
vation  point.  It  is  worth  noting  that  under  certain  con¬ 
ditions,  the  ground  conductivity  can  affect  the  fonna- 
tion  of  the  general  electromagnetic  situation. 

The  classic  transmission  equation  is  often  used  for 
estimating  the  input  receiver  noise  levels: 

E„  =Pi+G,  +G,-AGtr  -  V -L^ -L  +  5  +  CF,(l) 


8  is  the  polarization  isolation,  CF  is  the  frequency 
transmitter-receiver  isolation. 

However,  parameters  L ,  8  ean  be  determined  only 
empirically.  Moreover,  parameters  G, ,G;.,AG,^  lose 
their  physical  sense  when  the  antenna  is  loeated  in  the 
near  or  transition  zones.  The  ground  influence  is  not 
taken  into  account  in  formula  (1).  Therefore,  formula 
(1)  yields  only  an  estimate  of  E„ ,  whieh  does  not  take 
into  account  the  pattern  distortions  and  the  antenna 
input  impedance  change  in  the  regions  spaced  at  elec¬ 
trically  small  distances.  In  order  to  elaborate  the  as¬ 
pects  of  the  object  EMS,  one  needs  to  develop  an  algo¬ 
rithm  for  calculation  of  the  electric  characteristics  of 
vibrator  s>'stems  arbitrarily  located  above  the  ground. 

As  one  can  see  from  the  current  scientific  and  technical 
publications,  there  are  no  suitable  and  effective  numeri¬ 
cal  algorithms  intended  for  this  purpose.  Therefore,  it 
was  necessary  to  create  a  new  algorithm  for  solving  the 
EMC  analysis  and  sjmthesis  problems.  The  proposed 
algorithm  is  tlie  result  of  tlie  development  of  the  meth¬ 
ods  published  in  [1,  2,  3].  A  detailed  description  of  the 
algorithm  is  given  in  papers  [4,  5],  The  key  aspects  of 
the  developed  algorithm  are  presented  below. 

METHOD  APPLIED 

The  analysis  of  the  excitation  of  the  system  of  vibrators 
(Fig.  1)  arbitrarily  located  above  tlie  semiconducting 

ground  with  relative  permittivity  85  magnetic  perme¬ 
ability  \i2  and  conductivity  83  involves  solving  the 
inliomogeneous  Maxwell  equations 

{Vx  H  =  iaeE-Jext  ^2) 

I  Vx  E  - 

where  e  =  8„,  -ia„  /a>,p  =  Pi  =  P2  . 


where  E„  is  the  noise  level,  P,  is  the  transmitter 
power,  Gj  is  the  transmit  antenna  gain,  G^  is  the  re¬ 
ceive  antenna  gain,  AG,^  is  the  transmitter-receiver 
isolation,  is  the  transmitter  antenna-feeder  losses, 
dB;  is  the  receiver  antenna-feeder  losses,  L  is  tlie 
propagation  path  losses  (losses  in  the  coupling  circuit). 


reiz>0,  _fcriz>0, 
^'""|82Z<0,  '''”"|a2Z<0, 

satisfying  the  boundary  conditions  on  the  vibrators' 
surface  5/ 


-0,  Q^Si,  /  =  1,2,...A 


(3) 
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and  on  a  planar  interface  separating  two  media 

and  the  radiation  conditions 

liin  RE,  lim  Rff .  (5) 

n — ^00  y?— ^00 

Usually,  the  initial  vector  problem  described  by  the 
following  equations 

£  =  ,fl  =  —  VxA,  (6) 


7err, 


lhiQ)G{P,Q)dsi,  (8) 


I  2  2  ~ 

k  -  03  PjE  , 

reduces  to  the  system  of  the  Hallen-type  integral  equa¬ 
tions  for  antennas  current 

Z  I =  ci  sin A-,z;  +  cos k^z\  - 
n=I  0 


with  the  additional  conditions  at  the  antenna  free  ends 
and  branch  points. 

This  system  is  solved  by  the  method  of  moments  where 
the  current  is  approximated  by  step  basis  functions 


The  system  of  the  algebraic  equations 

N  M„ 

%  ZO-  =  (11) 

n=lm=l 

is  solved  by  the  iterative  multistage  minimal  discrep¬ 
ancy  method  [6] 

,  (12) 


'•i+l  - -i ■  (13) 

S-\ 

where  is  the  linear  function  and  is  the  inner 
parameter  of  this  method  on  /  iterative  step. 

The  calculation  of  the  inner  integrals  in  expression  (9) 
involves  determining  the  components  of  Green's  tensor 
function 

Gu{P,Q)  0  0 

G{P,Q)=  0  Gn{P,Q)  0  •  (14) 

Sg{P,Q)  dg{P,0)  Q^(pQj 

dx  dy 

In  the  proposed  algorithm  the  calculation  of  the  Som- 
merfeld  integrals 

H  V,  -v, 

Gii(p.e)=— xs., 

u  ^  J  ov 


dg{P,Q) 

dx 

dg{P,Q). 


n  J 


.1  g-^i|^+^o| 


riic  +  ri2  I1i+Tl2 


-piM 


g_l 

PlE+T|2  r|i+'n2 


where  J^i^p)  is  the  zero-order  Bessel  function, 
Jj(>,p)  is  the  first-order  Bessel  function, 

p  =  p{p>Q)=  - ^of  +(v->'o)^  7 

R  =  R{P,Q)^^P^+{z-ZQf  , 

qi  =  -Ja?  ~ki  ,  ^2  -  ~^2  7 

fcf  =  oiViSi ,  kl  =  ©^Pi(s2  -lcf2  /©), 

e  =(e2-/cT2/©)/si, 
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is  performed  by  the  saddle-point  method  followed  by 
expanding  the  integrand  about  the  saddle  point  into  the 
Laurent  series 


{(>■)- 


1 


^f2  k^R' 


2  m 


-ik\R  „-ik]R' 


,-‘k\R 


R 


R' 


k^R' 


-ik]R’ 


dx 


R'^ 


-%¥)- 


lik 


■ik\R' 


R'^ 


where  f/j ,  ,  r^,  ,and  are  the  horizontal  and 

vertical  ground  reflection  coefficients. 

Thus,  the  current  distributions  along  the  vibrators  are 
determined. 

Known  tlie  voltage  and  current  at  the  excitation  points, 
we  can  detennine  the  input  antenna  system  imped¬ 
ances.  In  order  to  detennine  the  electromagnetic  field 
intensity  produced  by  the  system  of  vibrators  under 
consideration,  we  employ  the  method  of  potentials.  To 
this  end,  we  calculate  the  sum  of  the  electromagnetic 
field  vectors  excited  by  each  elementary  oscillator 
placed  at  the  collocation  points.  The  total  field  at  the 
observation  point  is  the  superposition  of  the  electro¬ 
magnetic  fields  of  the  elementary  oscillators.  If  neces¬ 
sary,  we  can  calculate  patterns  (distortions  of  tlie  pat¬ 
tern)  in  any  fixed  cross  section  at  any  radiation 
frequency,  including  hannonics,  subharmonics,  etc. 


The  calculation  results  of  the  electric  characteristics  of 
the  vibrator  system  are  in  good  agreement  with  experi¬ 
mental  data  and  the  results  presented  in  other  papers.  A 
number  of  applied  problems,  including  the  problem  of 
optimizing  the  design  of  the  wideband  mast  antennas 
[7,  8],  were  solved  using  the  proposed  algorithm. 
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STATEMENT  OF  A  TASK 

In  anisotropic  plasma,  described  by  permittivity 
tensors 


e  = 


0 

.0 


0 

0 


o' 

0 

^3, 


two  parallel  thin  linear  wires  and  a  component  any 
angle  y  with  an  axis  of  anisotropy  (the  axis  OZ)  are 
located.  Lengths  of  wires  are  2Z,i ,  2Z,2  .  radii  are  , 
/»2,  a  distance  betw'een  wires  is  d .  It  is  necessary  to 
find  current  distributions  of  each  wire,  radiation  elec¬ 
tromagnetic  fields  and  power  flux  density  in  the  far 
zone. 

The  solution  of  a  task  is  carried  out  within  the  frame¬ 
work  of  the  integral  equations  method  of  electromag¬ 
netics.  It  is  shown,  that  anisotropy  of  medium  essen¬ 
tially  changes  dependence  of  an  input  current  (or  a 
current  distribution)  in  one  wire  on  the  length  of  other 
wire  and  on  the  distance  d  between  wires.  The  influ¬ 
ence  of  anisotropy  is  displayed  in  change  of  amplitude 
and  period  of  these  characteristics,  which  also  depend 
on  orientation  of  the  wires  system  with  respect  to  an 
axis  of  anisotropy.  The  influence  of  medium  anisotropy 
and  orientation  of  wires  in  medium  on  a  function's 
period  of  current  distributions  established  in  each  wire, 
is  united  by  such  integral  characteristic,  as  equivalent 

permittivity  of  medium  sin^  y , 

where  5  ^  =  E3sin^y +  eiCOS^y  .  In  wires  located  under 
angle  y  in  uniaxial  anisotropic  medium,  the  current 
distribution  is  established,  whose  space  period  is  the 
same,  as  it  was,  if  the  wires  are  in  isotropic  medium 
with  pennittivity  . 

It  is  known,  that  for  wires  located  in  isotropic  medium, 
the  input  current's  amplitude  of  each  wire  is  periodic 
dampted  function  of  the  distance  d  between  wires.  In 
anisotropic  medium  the  character  of  this  dependence  is 
kept,  excluding  a  case  for  the  distance  d ,  and  for  some 
equivalent  distance  d^^ ,  including  the  distance  d ,  the 

dielectrical  parameters  ej,  63  of  anisotropic  medium 
and  orientation  of  wires  in  this  medium.  For  example, 
for  wires  located  in  one  plane  with  tlie  axis  of  anisot¬ 


ropy,  d^q  has  the  kind  d^q  .  By  each  con¬ 

crete  system  of  wires  with  the  given  geometry  in  aniso¬ 
tropic  medium  one  can  put  in  conformity  some 
equivalent  antenna  system  in  isotropic  medium,  by 
choosing  in  appropriate  way  its  geometrical  sizes  (this 
conclusion  concerns  only  currents,  instead  of  radiation 
fields). 

The  electromagnetic  field  of  antenna  system  in  far  zone 
represents  ordinary  and  non-ordinary  waves.  The  power 
pattern  in  the  plane,  perpendicular  to  wires,  practically 
does  not  depend  on  medium  anisotropy.  Anisotropy 
essentially  influence  on  patterns  in  the  plane  of  wires. 
The  character  of  this  influence  is  similar  to  the  change 
of  distance  between  wires  and  depends  on  orientation  of 
wires  in  medium. 
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ABSTRACT 

Solution  of  three-dimensional  problems  of  radiation  of 
infinite  waveguide  antenna  array  is  considered,  investi¬ 
gating  the  antenna  array  with  subarray  as  matching 
elem.ents.  The  antenna  system  possess  triangular  spac¬ 
ing  of  radiation  elements.  The  study  method  is  based  on 
using  the  integral  equation  with  separation  of  the 
piercing  domain. 

INTRODUCTION 

Among  other,  the  method  of  integral  equation  is  very 
effective  for  solving  three-dimensional  problems,  The 
subject  of  the  paper  is  an  application  of  tlie  method  of 
integral  equation  to  the  calculation  of  waveguide  an¬ 
tenna  array  with  triangular  spacing  of  radiation  ele¬ 
ments.  The  whole  domain  of  the  field  determination  is 
subdivided  into  a  piercing  domain  and  partial  domains. 
The  theorem  of  vectorial  theory  of  diffraction  is  used 
for  the  total  field  in  the  piercing  domain.  Theoretical 
investigation  of  antenna  array,  composed  of  open-ended 
rectangular  waveguides  and  finite  subarray  with  the 
purpose  of  obtaining  the  impedance  matching  with  free 
space  is  presented. 

PROBLEM  FORMULATION 
AND  METHOD  OF  SOLUTION 


AA 


For  unit  cell  the  whole  domain  of  the  field  determina¬ 
tion  is  subdivided  into  three  domains  (Fig.  1); 

I  -  waveguide  extended  to  infinity  (piercing  domain) 
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II  -  “channel  of  Floker” 
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-z2  <  z  <  7l ; 

III  -  semi-infinite  “channel  of  Floker” 

PAsn\{A)  _  ^PA%m{A) 
2  2  2  -^2 
0  <  z  <  00  . 


On  the  strengtli  of  tlie  theorem  of  vectorial  theory  of 
diffraction,  one  can  write  integral  representation  for  the 
total  field  in  the  piercing  domain  as 

^1  —1 
E  (x,y,z)=^  Eexc  (x,y,z)  + 

+  [V  J (x,y,z,x',y\z')[nE  (jr',>’',2')]<f‘5']. 
s' 

,  -1  -  - 

Here  n  is  inner  normal  to  the  boundary  S  ;  G  {r,r')  is 
the  affinor  Green's  function  of  potential  type  of  the 
second  kind  which  is  reduced  of  the  Helmholtz  equa¬ 
tion 


^G\r,?)  +  k'^G^Cr,r')  = 

and  boundary  condition  on  conductor  surface  5' 

[«[Vg\P,;')]]  =  0; 
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(rtG(/',r'))  =  0;  r,r'e  . 

Let's  locate  the  observation  point  on  z  =  -z2,-zl,0, 
and  take  into  consideration  the  boundary  condition  for 
tangential  component  of  vector  of  intensity  electric 
field.  Then  we  obtain  the  system  of  Fredholm  integral 
equations  of  the  second  kind.  An  application  of  the 
Galerkin's  method  finally  yields  system  of  linear  alge¬ 
braic  equation  which  can  be  solved  by  the  reduction's 
technique. 


The  numerical  results  coincide  well  with  other  avail¬ 
able  data.  The  influence  on  geometrical  parameters  of 
the  reflectivity  in  a  waveguide  is  investigated. 


Proceedings  of  the  3rd  International  Conference  on  Antenna  Theory  and  Techniques,  Sevastopil,  Ukraine,  8-11  Sept.  1999 


429 


COMPUTER  MODELING  OF  ELECTROMAGNETIC  WAVE  PROPAGATION 
IN  A  TIME-VARYING  MEDIUM 


A.  G.  Nerukh,  K.  M.  Yemelyanov*,  F.  V.  Fedotov 

Kharkov  Technical  University  of  Radio  Electronics,  14,  Lenin  Ave.,  Kharkov,  310726,  Ukraine 
tel.;  +380-572-409372,  e-mail:  nerukh@ddan.kharkov.ua 
*  Kharkov  State  University,  4,  Svobody  Sq.,  Kharkov,  310077,  Ukraine 
tel.:  +380-572-457257,  e-mail:  k.yemelyanov@univer.kharkov.ua 


INTRODUCTION 

The  purpose  of  the  paper  is  to  consider  the  transforma¬ 
tion  of  electromagnetic  wave  in  a  medium  with  permit¬ 
tivity  and  conductivity  changing  in  time  as  the  finite 
sequence  of  rectangular  periodic  pulses. 

Parametric  phenomena  in  active  media  have  been  at¬ 
tracted  attention  for  a  long  time  in  connection  with  the 
possibility  of  electromagnetic  wave  generation  and 
amplification  both  by  the  interaction  of  charges  with  a 
spatially  periodic  medium  [1],  [2]  and  by  the  time 
modulation  of  the  medium  parameters  [3-7].  In  the 
sj'stems  with  distributed  parameters,  nonstationarity  of 
the  medium  caused  by  the  moving  of  sinusoidal  wave  of 
the  pennittivity  disturbance  has  mainly  been  consid¬ 
ered.  In  tliis  case,  the  solution  to  the  problem  is  ob¬ 
tained  approximately  as  an  expansion  in  powers  of  a 
small  parameter. 

The  investigation  of  transient  electromagnetic  phenom¬ 
ena  is  of  importance  for  the  problems  of  electromag¬ 
netic  signal  controlling  by  the  temporal  adjustment  of 
medium  parameters,  i.e.  in  optoelectronic  systems  [8], 
One  of  tlie  possible  ways  of  such  an  adjustment  is  the 
changing  of  medium  parameters  by  a  finite  sequence  of 
pulses. 

The  problem  of  the  electromagnetic  wave  propagation 
in  a  time-varying  medium  is  formulated  as  a  Volterra 
integral  equation  of  the  second  kind  [9].  The  temporal 
variation  of  medium  parameters  is  considered  as  a 
finite  sequence  of  the  periodic  rectangular  pulses.  The 
solution  to  the  problem  is  obtained  by  tlie  Direct  Nu¬ 
merical  Calculation  Method  [10].  On  the  basis  of  tlie 
proposed  metliod  an  original  software  for  numerical 
modeling  of  the  wave  propagation  in  a  time-varying 
medium  has  been  created.  The  structure  of  the  program 
is  created  allowing  for  the  further  developing  and  ex¬ 
tending  its  functionality.  In  general,  the  software  en¬ 
ables  us  to  consider  an  initial  field  with  an  arbitrary 
time-spatial  dependence.  Here  we  consider  two  initial 
fields,  a  plane  wave  and  a  gaussian  beam. 

PROBLEM  FORMULATION 
AND  BASIC  RELATIONSHIPS 

Let  us  consider  an  unbounded  dielectric  dissipative 
medium  with  an  electromagnetic  field  defined  by  the 


function  EQ(t,x) .  The  changes  in  medium  permittivity 
£(r)  and  conductivity'  a(r)  are  a  finite  sequence  of  N 
rectangular  periodic  pulses  originating  under  the  action 
of  external  forces  at  the  zero  moment  of  time.  We  as¬ 
sume  that  the  permittivity  and  the  conductivity  of  the 
medium  acquire  the  values  Sj  and  ctj  respectively  on 
the  disturbance  intervals  {n-\)T  <  t  <  7j  +  («  -  l)T , 
A  and  the  values  e  and  a  on  the  quiescence 
intervals  Tj +(«-l)7’ </ <nr ,  n  =  \,...,N  .  Let  us 
consider  ct  =  0 . 


N 

E(r)  =  8 + (8i  -  (0  (t  -  (A:  -  l)r )-  0  (r  -  Ti  -  (A:  -  Ijf)} 

k=\ 

N 

a(0  cTi  ^  ^  -  (A:  - 1)1)-  0  (A  -  Ti  -  (A:  - 1)7')} .  (1) 


Here,  0(0  is  the  Heaviside  step  function,  T  is  the 
duration  of  the  period  of  change  in  parameters,  7j  is 
tlie  duration  of  the  disturbance  interval. 


In  tlie  one-dimensional  scalar  case,  the  initial  nonsta¬ 
tionary  electromagnetic  problem  is  formulated  in  terms 
of  a  Volterra  integral  equation  of  the  second  kind  [9], 
i.e.. 


E(t,x)  =  Eoit,x)- 


J  cb:'|ai(0  +  (ei(0-e)^|x  (2) 


0  —00 

f 

x8 

I 


where  5(r)  is  the  Dirac  delta  function,  v  =  c/yfe  . 


Let  us  introduce  tlie  new  dimensionless  variables 
T  =  Kvt ,  ^  =  Kx  where  k  is  a  scale  factor  with  the 
wave-number  dimension.  The  using  of  the  properties  of 
the  delta  function  and  transition  to  the  differentiation 
witli  respect  to  the  variable  ^  simplify  the  equation  (2) 
and  yield  the  following  equation  for  the  further  numeri¬ 
cal  calculations: 
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E{x,0  =  a'^{x){E^ix,'Q- 

±]  +  T  -  X')  -  E{x\l-  X  +  X')]  - 

2^2  (X') 

,  X 

J  dx’bix')[E{x\ ^  +  X  -  x')  +  Eix',  ^  -  X  +  x')] } 

^  0 

(3) 


where  a^(x)- - 

Ei(x/vic) 


b{x)  = 


CTi(Vv’<^) 

SVK 


This  equation  describes  the  evolution  of  the  process  and 
determines  explicitly  the  field  magnitude  at  the  point 
(x,Q  in  terms  of  its  magnitudes  at  preceding  time 
points  along  the  lines  ^'  =  ^±(x-x').  We  find  the 
structure  of  the  field  after  N  jumps  in  the  medium 
parameters  when  they  change  from  the  initial  values  to 
tlie  values  a  =  const ,  b  =  const .  The  algorithm  allows 
to  consider  the  initial  field  with  an  arbitral^'  time- 
spatial  dependence. 


NUMERICAL  CALCULATIONS 


For  the  numerical  calculation  we  use  a  uniform  grid  on 
tlie  time-space  plane,  i.e.  Ax  =  .  Such  a  grid  is  cho¬ 


sen  according  to  the  stability  condition  [11],  The  plane 
wave  gaussian  beam 


EoiTX)  = 


are  considered  as  an 


initial  field.  The  essence  of  the  proposed  methodology' 
is  the  sequence  of  resolving  of  the  equation  (3)  in  time 
step  by  step.  We  find  the  electromagnetic  field  in  the 
specified  teinporaiy  layer  x  =  x„  using  tlie  solutions  for 
the  previous  layers.  The  repetitive  calculations  of  inte¬ 
grals  along  the  same  overlapping  time  intervals  have 
been  avoided.  For  the  differentiation  with  respect  to  the 
spatial  coordinate  the  smoothing  scheme  has  been  used 
[12].  The  estimates  of  accuracy  have  been  done  by 
comparing  the  numerical  solution  and  analytical  solu¬ 
tion  of  the  test  problems. 


For  all  the  cases  listed  below,  the  grid  spacing  has  been 
selected  as  Ax  =  A^  =  0.05  ,  the  initial  value  of  the 
undimensional  medium  parameters  has  been  chosen  as 
follows:  0  =  1,  A  =  0  .  In  all  the  cases,  ^  =  0 .  The  time 
dependence  of  electromagnetic  field  for  the  plane  wave 
as  an  initial  field  is  presented  in  Figures  1,  2.  As  a  test 
problem,  we  consider  the  problem  of  the  plane  wave 
propagation  in  a  medium  with  parameters  changing  in 
time  as  the  finite  sequence  of  rectangular  periodic 
pulses. 


The  dependence  of  relative  errors  in  the  numerical 
calculations  with  the  calculation  step  is  presented  in 
Fig.  3.  In  Figures  4,  5  the  time  dependence  of  electro¬ 


magnetic  field  for  the  gaussian  beam  as  an  initial  field 
is  presented. 


Fig.  1.  Time  dependence  of  electromagnetic  field  for 
0  =  1.25,  A  =  0.01,  X]=2,  X2  =  0.5  and  a  plane  wave 
as  an  initial  field 
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Fig.  2.  Time  dependence  of  electromagnetic  field  for 
0  =  0.75,  A  =  0.01,  X]=2,  X2=0.5  and  a  plane  wave 
as  an  initial  field 
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Fig.  3.  The  relative  error  of  the  test  problem  for 
0  =  1.25,  A  =  0.01,  Xi=2,  X2=0.5 

In  Fig.  4,  5  we  assume  w  =  0.5 .  It  should  be  noted  that 
the  shape  of  the  field  can  be  radically  changed  by 
varying  the  value  of  u  parameter. 
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Fig.  4.  Time  dependence  of  electromagnetic  field  for 
a  =  125,  i  =  0.01,  Xi=2,  and  a  gaussian 

beam  as  an  initial  field 
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Fig.  5.  Time  dependence  of  electromagnetic  field  for 
a  =  0.75,  i  =  0.01,  Xi=2,  T2=0.5  and  a  gaussian 
beam  as  an  initial  field 
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CONCLUSION 

The  transformations  of  a  plane  electromagnetic  wave 
and  a  gaussian  beam  in  a  medium  with  the  permittivity 
and  conductivity  changing  in  time  as  a  finite  sequence 
of  periodic  rectangular  pulses  has  been  considered.  The 
solution  to  the  nonstationaiy  electromagnetic  problem 
has  been  obtained  by  using  the  Direct  Numerical  Cal¬ 
culation  Method.  Comparison  witli  the  exact  solution  of 
the  test  problem  has  been  also  performed.  Numerical 
results  for  the  different  pulse  parameters  and  initial 
fields  have  been  presented.  An  original  software  for  the 
computer  modeling  of  electromagnetic  wave  propaga¬ 
tion  in  a  tiine-var>'ing  medium  for  arbitrary  initial 
fields  and  different  laws  of  changing  in  medium  pa¬ 
rameters  has  been  created. 
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INTRODUCTION 


(Fig.  1).  It  is  required  to  determine  an  equivalent  sur¬ 
face  impedance  of  a  structure. 


The  problem  of  electromagnetic  waves  diffraction  on  an 
perfectly  conducting  open-ended  cylindrical  surface  is 
of  great  practical  importance.  The  metal  screens  of  a 
similar  configuration  arc  used  as  reflectors  at  the  linear 
radiator,  as  screens  for  protection  of  instrumentation 
against  external  electromagnetic  fields,  as  the  device 
for  decreasing  mutual  influence  of  low  directional  an¬ 
tennas  and  for  other  purposes.  With  the  help  of  imped¬ 
ance  loads  it  is  possible  to  obtain  the  specific  diagram 
of  conductive  objects  scattering.  In  the  impedance  loads 
used  nowadays  (such  as  a  ridge  structure,  the  rectan¬ 
gular  groove)  there  is  a  strongly  marked  dependence  of 
an  impedance  size  on  an  angle  of  incidence  of  electro¬ 
magnetic  waves.  It  is  known  [1],  that  in  the  semi- 
cylindrical  concavity  this  dependence  is  not  pro¬ 
nounced. 

Note,  that  the  essential  change  of  a  scattering  field  with 
the  help  of  single  impedance  loads  can  be  achieved 
only  for  objects  with  small  electrical  sizes.  At  sizes  of 
object,  considerably  exceeding  a  wavelength,  a  great 
deal  of  impedance  loads  or  allocated  impedance  must 
be  applied,  that  is  eventually  one  is  forced  to  deal  with 
arrays  of  impedance  loads. 


DERIVATION  OF  INTEGRO-DIFFERENTIAL 
EQUATION 

We  shall  set  a  dropping  field  so  that  it  satisfy  the 
Flocket  condition 


E" 


I 


exp(/^i(3rsin0  -r  _ycos9)) 


where  T  is  the  period  of  the  array. 


(1) 


STATEMENT  OF  A  PROBLEM 

In  free  space  a  periodic  stnicture  of  slotted  impedance 
loads  with  periodicity  T  is  located,  each  element  of 
which  represents  two  parallel  slots,  cut  out  in  ideally 
thin  conductive  screen,  each  of  width  So,  divided  by  a 
strip  conductor  of  width  d.  Unlimited  space  is  divided 
by  a  screen  into  two  areas  Vj  and  F^.  The  area  F;  with 
parameters  Sai’M-oi.  contains  exciting  sources.  Area  Fj 
with  parameters  ea2.^a2  'S  without  exciting  sources. 
Area  F,  occupies  the  whole  upper  half-space  and  is 
limited  by  surface  .S'].  Area  F^  coincides  with  an  inter¬ 
nal  volume  of  a  semicircular  cavity  of  radius  a, 
bounded  by  surface  S^.  From  the  upper  half-space  there 
falls  a  plane  electromagnetic  wave  under  angle  0, 
counted  from  nonnal  to  a  screen  surface.  Assume,  the 
characteristic  of  exciting  sources  and  design  parameters 
are  independent  from  coordinate  z.  Screen  and  internal 
walls  of  a  semicircular  cavity  are  perfectly  conductive 


By  virtue  of  a  structure  periodicity  the  scattered  field  in 
area  F;  can  be  presented  as  the  expansion  into  Flocket 
spatial  hannonics.  For  waves  in  the  direction  of  ±y 
they  look  like  T'„,(x)exp(±/r;„>') ,  where  'P^(x)  are 
functions,  determining  change  of  a  field  in  a  cross 
direction; 


w=0,+l,±2,...,  -(2/«7i/r-I'iSin0)2 

We  shall  present  a  scattered  field  in  area  Fj  as  expan¬ 
sion  into  Flocket  harmonics 

m=-oo 

m=-“Oo 
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where  Z,„  ^T^^/coiai,  are  the  factors  of  current 
expansion. 

Since  it  is  possible  to  present  the  falling  field  as  a  zero 
Flocket  harmonics,  that  is 

Ez(^' y)  =  '^o^o(^) sxpOrgy) , 
then  the  entire  electrical  field  will  look  like 

Eziix,y)  =  +ZoTo(x)e'ro>’ . 

W=~0O 

And  entire  magnetic  field  will  be  as  follows 

ffxi(x,y)  =  -  +^o(xy^°^ . 


^  m=0 

Jmiha)  2  '9^91 


B„=\  at  /n=0  and  e^=2  atm 5^0,  J„(x)  J'mix) 

y 

are  Bessel's  function  and  its  derivative,  Yj„{x),  Yl„ix) 
is  a  Neumann's  function  and  its  derivative. 


Taking  into  account 
dGg(x,x')  _  dGg{x,x') 
dx  dx' 


property  of  the  kernel 
and  carrying  out  an 


x'  integration  in  the  second  integral  we  shall  obtain  the 
following  expression  for  a  magnetic  field  in  the  second 
area 


In  the  aperture  that  is  at  y  =  0 ,  we  shall  have 

CO 

Ezi (x,0)  =  (^)  +  Zo% (X) ,  (2) 

w=-x 


m=-a:> 

Using  an  orthogonality  of  Flocket  harmonics,  we  shall 
obtain  from  (2)  and  (3) 

r/2 

4,  =  -5«i  j£,(x',0)<(x')iir'  (4) 

">  -r/2 


where  8;„=l,m  =  0;  5^=0,m^0(  S^is  the  Kro- 
necker  delta). 

Substituting  (4)  in  (2),  we  shall  finally  obtain 
r/2  ( 

E,i{xfi)^-  I 

-r/2  U’ 

xEx(,x',0)dx' +  2'YQix) .  (5) 


=-co  J 


Thus,  the  expression  for  a  magnetic  field  in  area  Fj  in 
the  aperture  is  obtained. 

For  obtaining  an  integral  equation  it  is  necessary  to 
find  an  expression  for  a  field  in  area  V2  and  to  use  a 
boundary  condition  in  the  aperture.  The  magnetic  field 
in  area  V2  looks  like 


r/2 


-r/2 

'®Pa2 


(6) 


where 


r/2 


Exl  (^>®)  =  I  ‘^'^a2^e  “  > 


-r/2 


1 


'®Fa2 


dG^{T/2,x)  dGgi-T/2,x) 


dx  dx 

xE^(x’ft)dx' . 


(7) 


Further,  satisfying  a  condition  of  a  continuity  of  tan¬ 
gential  components  of  fields  in  the  aperture,  fi'om  (5) 
and  (7)  we  shall  obtain  an  integro-dilferential  equation 
(IDE)  for  die  tangential  component  to  be  found  of  the 
electric  field  in  the  aperture 


r/2  f  CO  , 

J  Z  -^'Y^(xW*m(x')-m%2Geix\x)- 


-r/2 


1 

'dGg(TI2,x) 

dG,i-T/2,x) 

dx 

dx 

x£^(x',0)/fj«:'  =  2'Fo(x). 


(8) 


We  apply  the  scheme  of  a  collocation  method  to  IDE 
(8),  using  piecewise  constant  approximation  of  a  un¬ 
known  quantity  of  the  solution  by  characteristic  func¬ 
tions  [2].  To  enter  tliis  system  of  functions,  we  shall 
choose  on  an  interval  [-7/2,  T/ 2]  some  system  of 
points  Xj  (xo  =-7/2,  xi,X2,...,  =7/2),  whose 

interval  [-7/2, 7/2]  is  broken  into  partial  intervals  of 
length  h  =  T  In  where  n  is  the  number  of  intervals.  As 
characteristic  functions  we  shall  choose  piecewise  con¬ 
stant,  and  as  trial  ones  —  the  Dirac  delta-function. 

Taking  into  account  the  above  explained,  we  come  to 
following  IDE 


1=1 


Xj-I  Lm=-«> 


-ia>£a2Ge(x',x)-- 


1 


'®Fa2 


dG,(TI2,x) 

dx 
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dG^{-TI2,x) 

dx 


\dx'  =  2'-Voix) 


(15) 


where  C,  are  the  factors  of  expansion. 

Choosing  then  as  points  of  colloeation 
^j=(x’j+x'j^-i)l2,  y  =  we  obtain  the  fol¬ 

lowing  system  of  linear  algebraic  equations 

;=1 


where 


J 


Z  (x'. ? j  ) 


Idx'- 


1 

[dG,(T/2,x) 

dG,i-TI2,x) 

dx 

dx 

After  the  IDE  (8)  solution,  the  equivalent  surface  im¬ 
pedance  is  determined  by  the  formula  [3] 

T 

jEx(x)Hlix)dx 


\\H,{x)fdx 

0 


where  is  the  equivalent  surface  impedance,  T  is  the 
period  of  the  array. 


NUMERICAL  RESULTS 

For  the  problem  solution,  the  software  package  is  de¬ 
veloped,  pcnnitting  to  calculate  dependencies  of  an 
equivalent  surface  impedance  on  the  design  data  of  the 
array  and  on  an  angle  of  incidence  of  an  electromag¬ 
netic  wave.  With  the  help  of  this  package  these  depend¬ 
encies  are  found  for  an  infinite  periodic  array  slotted 
impedance  loads  made  as  semi-cylindrical  cavity.  They 
are  of  less  expressed  character,  than  ones  of  an  array 
produced  from  rectangular  grooves  of  the  equivalent 
sizes  [4]. 
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INTRODUCTION 

Loop  antennas  represents  an  important  class  of  wire 
antermas  and  are  widely  used  in  various  communica¬ 
tion  systems. 

In  the  theoiy  of  loop  antennas  in  general  circular  loop 
ones  are  investigated  ([1],  [2],  [3]).  In  the  presented 
work  the  problem  of  current  distribution  along  an  el¬ 
liptical  loop  antenna  wire  is  solved  according  to  the 
moments  method. 

MAIN  BODY 

Let  us  consider  an  elliptic  loop  antenna  (Fig.  1). 


The  convenient  form  of  the  integral  equation  for  a  wire 
antenna  is  as  follows 

f/(5'){A:^G(5,^')J- J' =  -i—Esis) , 
j  os -os  Zq 

o 

where  l(s’)  is  the  full  current,  G(s,  s')  is  Green's  func¬ 
tion,  s,  s©  are  the  unit  vectors  which  are  tangent  at  the 
points  s  and  s'  of  the  wire  in  the  curvilinear  coordinate 
system,  k  is  tlie  wave  number,  Zo  is  the  wave  impedance 
of  tlie  free  space,  Es{s)  is  the  electrical  tangent  vector  of 
the  extraneous  field  in  the  point  s,  i  is  the  imaginary 
unit. 

We  used  the  magnetic  current  loop  shown  with  the 
local  coordinate  system  zO'p  in  the  bottom  of  the  Fig.  1 
as  a  primary  source. 

The  product  of  s  and  s'  is  given 


s-s  =- 


A-A 


-(a  sincpsincp'+i  cos(pcos9') , 


where 


A  =  ^a^  sin^  (p  +  b^  cos^  (p  , 

A'  =  ija^  sin^  9'  +  A^  cos^  9'  . 
For  the  second  derivative  of  Green's  function 

^-ik\Ar\ 

G=- 


471 1  Ar  I 


where 


I  Ar  1=  ;/a^(cos(9)  ~cos(9'))^  +A^(sin9-sin9')^  +^2  , 


02  is  the  radius  of  a  wire,  we  obtain 


G,=- 


1671-  / 


5/2 


((3  +  3/1V7-A:V)/‘'’V*’“  + 


where 


/  =  (cos  9' -cos  9)^  +i^(sin9'-sin9)^ , 

=-26^cos9(sin9'-sin9)  + 

2  ’ 

+  2a  (cos  9'  -  cos  9)  sin  9 

=  -2a ^  (cos 9’  -  cos 9)  +  2b^  cos9'(sin9'  -  sin 9) , 

112  2 
/  ’  ==  -2b  cos  9' cos  9  -2a  sin9'sin9 . 

For  the  tangent  component  of  the  electrical  field  vector, 
created  by  the  radiator,  we  shall  get 


Esi(p)^E^ 


1 


1  + 


a^  1 


^+F:n 


1 


b^  tg^cp 


b’^  1 

tg\ 


1 


E,  =k- - ;^Fo{2(— +i- 

^  81n(r//c)  rI  'kRo 
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IK 


Ro 


IRl 


1  .dUc^ 


(-/l-^)  +  (— ^  +  / - —)]}, 

K  kRk 


Rn 


£n 


d^-c^ 


VoP 


z  e 


-ikRij 


%\n(d/c)  Rq  r^ 


-{k- 


3  kid^+c^)  1  ,  .,2(rf"+c^)  3 


£i 


K  ^ 


where  c,  d  are  the  interior  and  the  exterior  radii  of  the 
loop  of  the  magnetic  current,  Vo  is  tlie  voltage  in  the 
driving  point, 

f^(cp)  = 

=-Jd^  +(c^co^ip+d^sii?(p)+ 2djc^  cos^  (p+ si  i?  cp  si  ntp 


z  =  -}jc^  cos^  (p  +  d^  sin^  (p  cos  (p , 


p  =  b  +  ^|c^  cos^  (p  +  d^  sin^  (p  sincp  . 

When  passing  to  new  variables  the  integral  equation  to 
be  found  looks  like 

2n 

J/(cp')lG2  -k^G(a^  sincpsincp'  +  i^  coscpcos(p')]f/cp'  = 


- — sin^  cp+b^  cos^  cpE^ (9) . 


(1) 


The  desired  function  1(9')  is  replaced  with  the  appoxi- 
matcd  Ii((p')  function,  represented  as  a  sum  of  the  linear 
-  independent  basic  functions  yj,(cp'); 


2l(f)= 

p-l 

where  Ip  are  the  unknown  weight  factors. 

We  used  bit-constant  functions  as  the  basic  ones 

|o,(l)<(t)p -A;<|)>(t)p -l-A, 


(2) 


0  60  ..  ,120  180 
angle  cp  (deg.) 


Fig.  2.  Current  distribution  at  frequency 


After  multiplication  of  both  parts  of  the  equation  (3)  on 
the  delta-function  5((p-(pk),  integration  and  according  to 
(2),  we  obtain  a  set  of  the  linear  algebraic  equations  of 
a  matrix  form 


where  A  is  the  interval  between  points  cpp. 

After  substatituation  of  (2)  in  (1)  the  integral  equation 
(1)  is  transformed  in  a  functional  equation 

N  ’I’m.'ix  I 

y/_  f4,(f)A-(<}.,<))V<t)'  =  -/— £,(<(.),  (3) 

p=l  0 

where  A((p,(p')  is  the  cemel  of  the  integrated  equation 

(1). 


~  -  ik  —  ~ 

Z-/= - .  Elements  of  the  matrix  Z 

^0 

‘I’  ;+A 

jA:((t),,<t)')r/(}>'  are  evaluated  numerically.  The 

input  impedance  of  the  antenna  is  z  =  kVIi . 

The  program  in  language  FORTRAN  was  developed 
and  the  current  distribution  along  the  wires  of  the  loop 
antenna  was  computed. 
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The  integration  was  made  by  the  Simpson  method,  the 
set  of  the  linear  equations  was  solved  by  tlie  method  of 
Newton. 

For  testing  tlie  program  the  calculation  for  a  circular 
loop  (a  =  b)  was  made  at  Q=10.0,  where  Q  is  the  pa¬ 
rameter  of  tliickness,  defined  as  Q  =  21n(27ii/a2) . 
The  results  of  calculation  are  given  in  Fig.  2.  The  dot¬ 
ted  line  shows  the  numerical  results  of  the  presented 
analysis,  the  solid  line  is  according  to  the  theoiy  of 
Ronold  W.  P.  King  and  Glenn  S.  Smith  [1].  For  kb  = 
0.1  the  calculated  magnitude  value  of  the  current  is 
within  tlie  limits  1 1  to  12  mA. 

CONCLUSION 

The  obtained  equation  allows  to  evaluate  numerically 
tlie  current  distribution  and  therefore  to  find  the  input 
impedance  and  the  radiation  field. 
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design  and  analysis  of  rectangular  microstrip  patch 
ABSTRACT  antenna. 


A  computer  program  is  developed  for  design  and  analy¬ 
sis  of  a  Rectangular  Microstrip  Patch  Antenna.  The 
program  is  based  on  cavity  model  and  slot  theory.  The 
effect  of  substrate  and  surface  wave  has  been  taken  into 
account. 

INTRODUCTION 


THE  MAIN  PART 

RMPA  is  an  acronym  for  Rectangular  Microstrip  Patch 
Antenna.  RMPA  computes  design  parameters  as  well 
as  other  parameters  which  are  necessary  for  analyzing 
of  this  type  of  antenna.  Figure  1  shows  rectangular 
patch  with  its  four  slots. 


The  microstrip  antenna  finds  increasingly  extensive 
application  in  microwave  systems,  ranging  from  Mili¬ 
tary  to  Medical,  in  view  of  its  importance  mathematical 
methods  of  electromagnetics  have  been  applied  for  the 
microstrip  antenna  analysis.  The  papers  and  books  [1- 
6]  have  analyzed  the  microstrip  patch  for  CAD  pro¬ 
gramming. 

The  computational  time  to  find  parameters  of  such  an 
antenna  is  generally  high.  Hence,  a  Computer  Aided 
Design  (CAD)  are  required  for  practical  circuit  devel¬ 
opment  and  optimization. 

The  reasons  for  developing  an  accurate  model  for  an 
antenna  is  to  provide  a  tool  for  designer  to  design  of 
antenna  without  costly  trail-and-error  experimental. 
The  number  of  CAD  packages  which  are  available  for 
microstrip  antenna  is  too  less.  It  can  be  because  of 

i)  geometries  of  microstrip  antenna,  which  is 
difficult  to  model  because  of  the  presence  of 
substrate 

ii)  ii)  it  is  new  kind  of  antenna  and  need  time  for 
software  development. 

Most  of  the  CAD  softw'arc  tools  have  placed  emphasis 
on  the  design  of  microstrip  line  and  few  CAD  software 
tools  were  developed  for  microstrip  patch  elements. 

There  are  numbers  of  models  which  can  be  used  for 
antenna  modeling  i.e.  Transmission  line  model  [2], 
Cavity  model  [4],  Finite  Difference  Time  Domain 
(FDTD)  method  [7],  Moment  method  [8],  Finite  Ele¬ 
ment  (FE)  method  [9].  But  a  good  antenna  model 
should  calculate  all  necessary  electrical  parameters, 
with  enough  accuracy  in  less  computational  cost.  The 
Moment,  FDTD,  FE  methods  are  computationally 
costly  and  have  low  level  of  user  confidence  as  experi¬ 
mental  or  other  independent  validation  is  absent  [6].  A 
computer  program  name  RMPA  has  been  developed  for 


z 


Fig.  1.  Rectangular  patch  with  it  slots 


The  software  is  based  on  the  cavity  model  and  uses  slot 
theory  to  Simulate  the  rectangular  patch  antenna  con¬ 
sidering  the  effect  of  substrate  and  surface  wave.  The 
overall  structure  of  RMPA  is  showing  in  Fig.  2. 
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Fig.  2.  The  overall  structure  of  RMPA 

The  design  parameter  module  asks  for  input  data: 

Resonant  frequency;  the  range  of  frequency  which 
calculation  should  be  done  (lower  frequency  and  higher 
frequency);  substrate  relative  dielectric  constant;  loss 
tangent;  patch  conductivity;  patch  width;  tolerance  in 
patch  length;  tolerance  in  patch  width;  tolerance  in 
substrate  permittivity;  tolerance  in  substrate  thickness. 
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The  outputs  are:  radiation  resistance;  resistance  at  feed 
point;  input  impedance;  patch  length;  surface  wave 
modes  and  No.  of  modes;  far  field  pattern;  directivity; 
efficiency;  VSWR;  bandwidth;  and  error  in  resonant 
frequency. 

The  far  field  pattern  is  calculated  for  dominant  mode. 

The  graphs  have  been  plotted  for  input  impedance, 
VSWR,  efficiency,  E  and  H  planes. 

The  help  provides  infonnation  on  microstrip  antenna 
and  a  substrate  and  conductor  library. 

Figure  3  shows  the  flowchart  of  whole  program. 
Through  flowchart  we  can  see  there  are  number  of 
steps  wliich  have  to  be  solved  for  antenna  analysis. 

To  design  any  kind  of  anterma  initial  point  is  resonant 
frequency.  Because  it  is  necessary  to  know  antenna 
should  work  for  which  band  of  frequency.  In  case  of 
microstrip  antenna,  the  bandwidth  is  very  narrow^ 
hence  tlie  exact  value  of  resonant  frequency  is  impor¬ 
tant  [10].  Value  of  resonant  frequency  depends  on  the 
length  of  patch.  Therefore  knowing  the  resonant  fre¬ 
quency  the  length  of  patch  is  obtained  and  displayed  in 
result. 

DESIGN  AND  ANALYSIS  USING  RMPA 

For  microstrip  anterma  the  size  of  patch  width  (W)  is 
important  too.  It  affects  the  value  of  impedance  and 
also  it  maybe  considered  that  small  values  of  W  result 
in  low  antenna  efficiency,  while  large  values  support 
higher  order  modes.  If  input  impedance  of  patch  and 
impedance  of  transmission  line  does  not  match,  RMPA 
helps  the  user  to  obtain  the  optimum  feed  point  position 
by  displaying  the  impedance  every  time  packaged  is 
involved. 

Most  microstrip  antenna  are  fabricated  using  photo- 
etcliing  techniques.  In  the  fabrication  of  such  an  an¬ 
tenna  there  are  two  types  of  tolerances,  manufacturing 
tolerance  and  etclring  accuracy.  Error  in  resonant  fre¬ 
quency  because  of  manufacturing  and  fabrication  errors 
is  also  calculated. 

The  surface  modes  and  number  of  surface  modes  is  also 
calculated. 

The  bandwidth  of  antenna  depends  to  the  thickness  of 
substrate.  Therefore  the  kind  of  substrate  depends  to  the 
designer  choice.  Low  or  high  relative  permittivity  have 
different  tolerance  in  substrate  thickness  and  relative 
permitivity. 

CONCLUSIONS 

An  improved  cavity  model  has  been  developed  that 
fonn  an  accurate  tool  for  the  analysis  of  rectangular 
microstrip  patch  antenna.  As  microstrip  antenna  is 
based  on  solid  science  [6],  it  needs  strong  understand¬ 
ing  of  antenna  behavior  to  solve  the  problems.  There 


are  many  direction  where  antennas  can  be  designed 
more  practically,  with  better  achievement  and  less 
ex'perimental  repetition,  when  the  proper  CAD  software 
tools  are  available. 


To  achieve  more  sophisticated  solution,  the  tolerance  in 
substrate  and  patch  also  taken  in  to  account.  The  reso¬ 
nant  frequency  [10]  and  radiation  resistance  calculated 
by  RMPA  shows  better  agreement  with  the  experimen- 
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tal  data  compare  to  other  theories.  The  radiation  quality 
factor  [11]  has  been  calculated  by  the  electrical  size  of 
patch  to  achieve  better  result  for  efficiency  as  well  as 
input  impedance,  VSWR,  and  bandwidth.  Due  to 
RMPA  results,  RMPA  seems  to  be  well  suited  for  de¬ 
sign  purpose. 
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The  applied  possibilities  of  multifrequency  microwave 
measurements  in  a  free  space  induce  a  large  interest  to 
creation  of  multifrequency  radiointerferometers  per¬ 
mitting  to  determine  parameters  of  layered  structures 
[1],  The  operation  of  the  multifrequency  radiointer¬ 
ferometer  is  based  on  a  measurement  of  a  frequency 
characteristic  of  a  reflectivity  from  researched  structure, 
on  transition  from  frequency  in  time  (space)  area  and 
analysis  of  reflection  peaks  from  the  structure  interfaces 
in  time  domain.  It  is  supposed,  that  the  reflection  from 
researched  structure  with  sufficient  exactitude  is  de¬ 
scribed  by  expression: 

M 

-R(w)  =  -expC-ycof^) ,  (1) 

where  is  reflection  from  m-th  layer  interface  (dis¬ 
continuity),  t^  =  lz^jc  is  time  location  w-th  layer 
interface  (discontinuity).  In  this  case  in  time  domain 
the  reflection  characteristic  from  structure  is  equal  to; 

M 

(2) 

m=l 

where  S(t)  is  a  function  which  detennines  the  form  of 
reflection  peak  in  time  domain. 

However,  the  actual  scheme  of  measurements  based  on 
waveguide  reflectometer  (as  a  rule),  for  a  measurement 
of  reflection  characteristic  in  a  free  space  assumes  us¬ 
age  of  horn  antennas.  The  segment  of  a  measuring  tract 
containing  a  horn  antenna  and  a  connective  segment  of 
a  waveguide  brings  amplitude  and  phase  distortions  to 
a  result  of  a  measurement.  In  this  case  the  measured 
performance  can  be  described  by  expression: 

M 

R{(o)  =  -expf-ycor^ ) ,  (3) 

m=l 

where  ^/i(co)  is  the  described  reflection  from  the  horn 
antenna,  T^^fco)  is  the  described  transmission  character¬ 
istic  of  horn,  wliich  also  determines  amplitude  and 
phase  distortions  brought  by  horn.  The  availability  of 
the  indicated  distortions  carries  on  that  the  time  signal 
is  equal: 

M 

R(t)^R^(t)+Y,r„,-S(t-tJ,  (4) 

m=\ 


where  function  is  describing  a  form  of  /w-th 

time-domain  reflection  peak  and  for  case  of  measure¬ 
ment  on  7^  frequencies  located  on  grid  <<)„(«=  I,..., TV) 
with  discreet  A/is  determined  as 

N 

n=l 

The  purpose  of  this  work  is  the  experimental  research 
of  distortion  components  Ra(.o))  and  ^^(ty)  and  path  of 
their  diminution.  For  this  purpose  the  outcomes  of 
measurements  on  the  measuring-computer  complex  of 
the  radiowave  non-destructive  testing  of  layered  di¬ 
electrics  RIMCH-04  [1]  were  used. 

The  measuring  complex  RIMCH-04  works  on  basis  of 
the  vector  reflectometer,  in  which  primary  measuring 
converters  are  tire  directed  detectors  with  cross-section 
of  waveguide  transmission  line  7.2x3.4  mm^.  The  py¬ 
ramidal  horn  of  length  55  mm  with  the  sizes  of  the 
aperture  42x36  mm^  was  used  as  radiator.  The  meas¬ 
urements  were  carried  out  in  frequency  band  26^37.4 
GHz  in  iV  =  58  equidistant  frequency  points.  Reference 
plane  of  vector  reflectometer  was  placed  in  a  place  of 
coimection  horn  antenna  with  measuring  waveguide 
tract. 

The  measurement  of  reflection  performances  in  a  lack 
of  a  researched  structure  in  front  of  horn  antenna  (cali¬ 
bration  on  a  free  space)  was  carried  out,  that  allows  to 
learn  a  behavior  of  a  frequency  characteristic  of  a  re¬ 
flectivity  for  an  analyzable  antenna  /?^(co).  In  fig.  1 
module  and  phase  of  a  frequency  dependence  R.4(®)  are 
represented.  Fig.  2  represents  the  module  of  appropriate 
time-domain  signal  RA(t),  which  are  obtained  using  the 
Fourier  transfonn. 

One  can  see,  several  typical  reflection  peaks  are  pre¬ 
dominated  in  time-domain  signal  RaCO-  For  detection  of 
characteristic  reflections  in  a  horn  antenna  its  fre¬ 
quency  dependence  of  reflectivity  was  approximated  by 
method  of  least  squares  with  using  a  model; 

^mod(®)=  X  '•«i-exp(-7®fm).  (6) 

m=l 

Model  order  M^od  was  determined  from  the  analysis  of 
discrepancy  between  a  model  data  RmM(®)  and  meas¬ 
ured  data  Rniod(®): 
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P  -  / ZK«Kf  •  (7) 

«=1  /  n=l 

It  allowed  to  inspect  adequacy  of  a  selected  model  to 
the  measured  data. 

In  Fig.  3  the  dependence  of  In  p  from  model  order  Mnod 
is  represented.  The  represented  dependence  demon¬ 
strates,  that  the  exponential  model  already  of  rather  low 
order  gives  good  approximation  of  tlie  measured  data. 


26  28  30  32  34  36/,GI3z 

a 


26  28  30  32  34  36 /,  GHz 


b 

Fig.  1 .  Module  (a)  and  phase  (b)  of  reflectivity 
of  horn  antenna 
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Fig.  2.  Time-domain  signal  of  reflection  from  horn  R^it) 
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At  A/mod  =  1  discrepancy  makes  59%;  at  M^oa  =  2  dis¬ 
crepancy  makes  17%;  at  M,„od  =  3  discrepancy  makes 
6.6%;  at  Mn^d  =  6  discrepancy  makes  1.1%  (that  is 
compared  to  noise  level  in  the  measured  data).  The 
outcomes  of  estimation  of  parameters  of  a  model  (6)  at 


Mnod  =  10  are  represented  in  the  table  1.  In  Uie  first 
column  of  a  table  1  number  of  a  reflection  m  is  indi¬ 
cated,  in  second  one  -  estimation  of  its  location 

=c-Re(rm)/2,  in  third  one  -  appropriate  time- 

A 

domain  location  t,„  =Re(f,„),  in  fourth  one  -  imagi¬ 


nary  part  of  estimation  of  location  0,„  =Im(/»,),  in 


fifth  one  -  estimation  of  reflection  amplitude 
in  sixth  one  its  phase  in  radians  is  indicated. 


rm 


,  and 


1  3  5  7  9  11  13  15  A/ 


Fig.  3.  Dependence  of  discrepancy  between  exponential 
model  and  measured  horn  reflectivity  from  model  order 


Table  1 

Parameter  estimations  of  model  (6)  for  R,4(a>) 


m 

z„,  mm 

tm,  ns 

Om 

K\ 

arg(/-„) 

1 

■33 

-0.22 

0.030 

0.002 

-0.52 

2 

-13 

-0.09 

-0.012 

0.009 

-2.99 

3 

-2 

-0.01 

-0.020 

0.023 

-0.41 

4 

18 

0.12 

-0.002 

0.029 

-0.43 

5 

48 

0.32 

-0.004 

0.005 

-1.51 

6 

73 

0.49 

-0.005 

0.013 

-1.76 

7 

91 

0.61 

0.008 

0.004 

-2.06 

8 

99 

0.66 

-0.012 

0.003 

1.39 

9 

143 

0.95 

-0.036 

0.001 

2.84 

10 

403 

2.68 

0.002 

0.001 

2.85 

Errors  of  measurements  and  singularities  of  work  of  tire 
vector  reflectometer  stipulate  first  three  components  in 
a  table  1.  The  component  /«  =  4  is  determined  by  a 
reflection  from  a  port  of  horn,  and  m  =  6  —  from  horn 
aperture.  The  model  with  indicated  parameters  ensures 
a  discrepancy  between  the  model  and  measured  data 
less  than  0.5%. 

For  determination  of  transmission  characteristic  7)4(05) 
from  (3)  series  of  measurements  of  frequency  charac¬ 
teristics  of  reflections  from  a  metal  plate  500x500  mm^, 
located  on  a  defined  distance  from  aperture  of  horn  in 
parallel  to  it  were  carried  out.  The  reflection  of  a  plane 
wave  from  a  metal  plane  is  determined  by  expression 
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riexpO'cofi),  but  use  of  this  model  (M^oa-  1)  for  adjust¬ 
ment  under  the  measured  data  gives  a  discrepancy 
between  model  and  measured  data  more  tlian  17  %, 
that  considerably  exceeds  a  level  of  a  casual  error  of 
measurements.  It  confinns  the  supposition  about  pres¬ 
ence  of  systematic  error  of  measurements.  Frequency 
dependences  of  module  and  phase  of  reflection  charac¬ 
teristic  from  metal  plate,  and  also  appropriate  curves 
for  a  model,  adjusted  under  these  data  (Mnoa  =  U  = 
179  mm;  q  =  1.19  ns;  0i  =  -0.004;  |ri|  =  0.196;  arg(ri)  = 
2.05)  are  represented  in  Fig.  4. 

The  appropriate  time-domain  signal  for  the  measured 
data  and  for  a  model  is  represented  in  a  Fig.  5.  As  it 
can  been  seen  from  die  represented  characteristics,  the 
time-domain  signal  of  peak  of  reflection  from  metal 
plane  is  extended  and  distorted,  in  comparison  with 
model  pe^ik.  And  there  is  a  decomposition  of  this  peak, 
which  is  confirmed  by  estimations  of  exponential  model 
obtained  atMnod=  2  {zj-  166  mm;  12"  l  H  ns;  02  = 
0.133;  H  =  0.028). 


I«l 


a 


arg{R) 


26  28  30  32  34  36/,  GHz 

b 

Fig.  4.  Module  (a)  and  phase  (b)  measured  (1)  and 
model  (2)  reflection  characteristic  for  metal  plate 


These  distortions  are  caused  by  amplitude  and  phase  (in 
the  greater  degree)  distortions  introduced  by  a  horn 
antenna  and  a  part  of  measuring  waveguide  tract,  lo¬ 
cated  up  to  reference  plane  of  tlie  vector  reflectometer. 
Additional  research  has  shown  that  reference  plane 
transition  inside  the  waveguide  measuring  tract  with 
magnification  of  its  length  has  resulted  in  the  even 
greater  extension  and  distortion  of  peak.  In  this  case, 
except  tlie  second  additional  peak,  the  third  additional 


peak  is  found  out  about  the  principal  peak.  Besides,  in 
the  range  0  ^  0.6  ns  there  are  peaks  of  a  reflections 
caused  by  a  reflection  from  the  itself  horn  antenna. 


0  1  2  3  4  /,ns 


Fig.  5.  Time  signal  of  reflection  from  metal  plane  for 
measured  data  (solid  line)  and  for  model  (dot  line) 


The  estimation  of  distorting  component  7)j(<y)  was 
produced  by  adjustment  under  the  measured  data  of  the 
model  in  form; 


K 

^pol  (“)  =  exp(-7cofi )  •  2]  4  (co) ,  (8) 

*=0 

where  Pk{a)  is  orthogonal  degree  polynomial  of  a  de¬ 
gree  k,  specific  on  a  discrete  point  set  {o)„}.  The  fol¬ 
lowing  estimations  of  coefficients  were  obtained:  Oo  = 
0.196;  a,  =  0.038;  02=  0.093;  03=  0.087;  ^4  =  0.035;  as 
=  0.036.  In  this  case  the  discrepancy  made  9%.  Curve  3 
in  Fig.  4a  demonstrates  model  dependence  7?poi(co).  In 
Fig.  6  the  phase  of  tlie  measured  characteristic  and 
polynomial  model  /?poi(ffl)  after  division  on  exp(-yco/i)  is 
represented. 


Fig.  6.  Phase  characteristic  of  reflection  for 
experimental  data  (1)  and  for  polynomial  model  (2) 


The  further  research  has  shown,  that  the  division  of  the 
measured  data  on  a  sum  of  polynomials  Pt(co)  with  the 
found  values  of  coefficients  a*  allows  to  remove  the 
distortions  introduced  by  a  horn  antenna.  The  time 
peak  of  a  reflection  from  a  metal  plane  ceases  to  be 
distorted  and  extended.  This  is  confirmed  by  outcomes 
of  estimations  of  parameters  of  exponential  model  (6), 
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adjusted  under  obtained  data:  b  =  -0.01, 1/-,!  =  0.13;  (2- 
0.13,  hi  =  0.08;  /3  =  0.27,  hi  =  0.05;  U  =  0.51,  hi  = 
0.09;  f5  =  0.78,  h|  =  0.08;t6=  1.19,  h|=  1.0;^,=  1.85, 
hi  =  0.11;  4  =  2.29,  hi  =  0.13  (the  discrepancy  is 
equal  2%). 

Also  some  the  reduction  of  phase  distortions  introduced 
by  a  horn  antenna  and  waveguide  measuring  tract,  was 
possible  to  reach  at  multiplication  of  the  measured  data 
on  a  factor  of  an  aspect: 

7’<p(®)  =  exp[72(cp^  +(p;,)] ,  (9) 
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where 


ly,  is  the  length  of  waveguide  measuring  tract  from 
reference  plane  to  the  port  of  the  horn,  4  is  the  horn 
length,  a  is  a  dimension  of  a  broad  wall  of  a  waveguide 
and  Oj:  is  a  dimension  of  the  horn  aperture. 
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Methods  of  the  antenna  parameters  determination 
based  on  the  near  field  measurements  and  transforma¬ 
tion  results  of  measurements  in  tlie  far  zone  are  the 
most  perspective  now.  The  essence  of  these  methods  is 
to  measure  field  tangent  components  on  a  certain 
closed  surface  around  the  investigated  antenna  and  to 
re-calculate  the  measured  field  in  the  far  zone. 

When  estimating  capabilities  of  tliese  methods  the 
analysis  of  tlie  radiation  pattern  (RP)  restoration  accu¬ 
racy  are  of  essential  significance. 

Both  metliodical  errors  being  of  mainly  systematical 
character  and  instrumental  errors  (of  random  nature  in 
the  most  of  cases)  are  main  sources  of  errors  of  near¬ 
zone  methods  of  the  antenna  parameters  determination 

[IJ. 

The  methodical  errors  occur  because  the  surface  of  tlie 
near  field  measurement  is  not  closed  and  measurements 
are  carried  out  not  continuously  on  the  surface  but  in 
separate  points.  These  errors  are  named  limitation  and 
digitization  errors. 

The  instrumental  errors  are  conditioned  by  the  near 
field  measurements:  errors  of  amplitude  and  phase 
measurers,  inaccuracies  of  the  probe  movement  on  the 
measured  surface,  etc. 

The  methodical  errors  significantly  depend  on  the  size 
of  the  area  of  the  near-zone  measurements,  chosen 
digitization  step,  position  of  tlie  measurement  area 
origin  with  respect  to  the  antenna.  In  any  realization 
the  distinction  between  RP  F  obtained  as  a  result  of  the 
treatment  and  real  RP  Fo  have  an  oscillating  character 
caused  by  methodical  errors.  Limits  of  this  distinction 
are  presented  for  example  in  [2,  3], 

Random  errors  of  the  antenna  characteristics  determi¬ 
nation  depend  on  the  near  field  measurements  accu¬ 
racy.  Calculated  values  of  errors  dispersions  of  the 
antenna  restored  main  parameters  are  presented  in  [1]. 

When  estimating  tlie  resulting  error  of  the  antenna 
characteristics  detennination  by  the  near  zone  meas¬ 
urements  all  components  of  the  error  have  to  be  consid¬ 
ered  as  the  random  values  of  various  magnitudes  in  any 
realization.  The  smnmation  of  tliese  errors  with  otlier 


random  errors  has  to  be  carried  out  according  to  the 
rule  of  tlie  resulting  error  components  one  [4], 

In  order  to  sum  separate  components  of  errors  they 
have  to  be  presented  by  tlieir  root-mean-square  a.  All 
computing  operations  of  the  errors  summation  are  to  be 
carried  out  only  with  these  values. 

Let  us  present  the  method  of  a  choice  of  measurements 
conditions  and  estimate  of  requirements  to  the  accuracy 
of  the  near  field  measurements  for  the  restoration  of  tlie 
side  lobe  level  with  the  given  accuracy  because  the 
requirements  to  parameters  of  the  measurement  com¬ 
plex  are  the  most  rigid  in  this  case. 

Systematic  errors  of  the  RP  ^F  determination  are 
caused  by  the  limitation  of  the  mea.surement  area  AF;,v„ 
and  digitization  Fj.  Assume  that  these  errors  are  of  the 
random  values  uniformlly  distributed  in  the  interval 
[-|AF„„,|,|AF, [-|AF^|,|AFd].  Hence,  0/,«=|AF,J/Vi  , 
aj=  \AF^/^ .  The  magnitudes  jAF/,>„|,|AFdj  are  found 
by  the  relation  presented  in  [2], 

The  resulting  dispersion  of  the  restored  RP  is  as  fol¬ 
lows: 

<^F  =(^d  +<^Um  +0^rand-  (1) 

The  comparatively  high  relative  accuracy  of  the  side 
lobe  levels  restoration  (about  20-25%  that  corresponds 
to  power  RP  measurements  with  the  accuracy  of  ±2  dB) 
and  the  high  reliability  (Per  ^  0.95)  are  provided  for 
those  RP  levels  which  meet  condition  [1]. 


When  the  condition  (2)  is  met,  the  amplitude  of  the 
restored  RP  is  distributed  by  the  normal  law  N(^ol  f)- 
The  probability  of  the  difference  between  the  amplitude 
of  the  restored  RP  1f|  and  the  true  RP  |Fo  I  =Fo 
being  no  more  than  about  ±V 

P„=P{-F=lR-Fol=F} 

is  found  from  the  equation 

Per^20(VICXp),  (3) 
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j  s 

where  0(d)  =  -j=  f  e~‘  '^dt  is  tlie  Laplacian  func- 


tJon. 


The  technique  of  requirements  determination  for  the 
parameters  of  measuring  set  under  given  requirements 
to  the  antenna  RP  restoration  consists  in  the  following: 

The  admissible  value  of  the  dispersion  c^f  is  found  by 
(2)  and  according  to  the  requirements  to  the  RP  deter¬ 
mination  accuracy. 

By  giving  the  relation  between  errors  components  c^d, 
errand  entered  into  (2)  and  stipulated  by  different 
sources,  we  determine  the  admissible  contribution  of 
every  source  of  errors  to  tlie  summary  value  of  disper¬ 
sion  a^F-  The  possibility  of  a  choice  of  errors  different 
sources  contribution  to  the  restored  RP  summary  error 
a^F  allows  to  provide  optimum  measurement  conditions 
from  the  point  of  view  of  economic  expenses,  time 
expenses,  etc.  In  the  most  simple  case  the  contribution 
of  considered  sources  to  the  summary'  dispersion  f 
can  be  assumed  to  be  equal.  Measurement  area  sizes 
and  the  measurement  step  are  found  by  the  relation 
presented  in  [3]  if  values  c^um,  errand  are  known. 
And,  at  last,  requirements  to  dispersions  and  correla¬ 
tion  radii  are  to  be  found  basing  on  the  known  relation 
between  the  dispersion  (^rand  and  statistical  character¬ 
istics  of  errors  of  the  measurements.  If  the  correlation 
radii  are  unknown,  requirements  to  dispersions  of 
measurement  errors  are  to  be  detennined  when  assum¬ 
ing  that  correlation  radius  is  of  the  value  corresponding 
to  the  maximum  magnitude  of  the  dispersion. 

Let  us  consider  the  methodical  example. 

Let  it  be  necessary  to  restore  the  linear  antenna  RP  with 
the  uniform  amplitude  distribution  in  tlie  angular  sector 
comprising  three  first  side  lobes  with  the  probability 
P/.  =  0.95  and  with  the  error  no  more  than  25%.  In  this 
case  Ra  =  9x10’^  (the  third  side  lobe  level).  The  equa¬ 
tion  (3)  is  solved  using  tables  of  the  Laplacian  function 
[5],  hence,  (V/ctf)  =  1.96.  Since  the  error  value  is 
V=0.25Ro  than  ct/.-  =  171.96  =  1.14x10'^.  Assuming 
contributions  of  errors  components  to  the  summary 
error  o^f  to  be  equal,  we  obtain  the  following;  =  o/m 
=  cRand  =  6.5x10'^.  Intervals  |AF;,m|,  |AFJ  are  to  be 
|AF;,>„|=|AF</|=  Vi  =  1.1x10'^  (this  corresponds  to 
tlie  relative  error  |AP'yFo|=|AF;,>„/Fo|  =  2  dB).  Measure¬ 
ment  conditions  are  to  be  found  using  known  inter/als 
|AF^|,|AF;,>„|,  and  charts  and  equations  presented  in  [3]. 
Thus,  if  the  measurement  area  is  placed  at  the  distance 
Zo=  lOZ  from  the  antenna,  than  measurement  area  size 
is  D  =  L+8X,  the  interval  between  the  near  field  meas¬ 
urement  points  is  Ax  =  2X  and  according  to  this  the 
number  of  measurements  is  about  N  w20. 


Let  measurement  errors  in  the  neighbor  measurement 
points  be  independent,  dispersions  of  amplitude  meas¬ 


urement  errors  and  phase  measurement  errors 
be  equal.  Then  the  random  errors  dispersion  of  the 
amplitude  RP  restoration  is  as  follows: 

2  (aji  +  al)Ax 

^ rand  ~  r  ’ 


hence,  (Jp  =  =  2.7x10"^.  That  is  the  phase  admissible 

measurement  error  of  the  near  field  amplitude  is  about 
w  3%,  and  of  phase  —  a!L5°.  Requirements  to  the  accu¬ 
racy  characteristics  of  the  measurement  equipment  can 
be  not  so  rigid  if  the  measurement  step  Ak  is  reduced 
(simultaneously  the  error  component  d  is  less)  or  a 
number  of  independent  measurements  of  the  near  field 
are  carried  out  and  their  results  are  averaged. 


Errors  components  of  the  RP  determination  (Jum  and  dd 
[3]  grow  up  in  the  case  of  the  aperture  antenna  charac¬ 
teristics  determination.  At  the  same  time  requirements 
to  the  near  field  measurements  accuracy  d^ihCpp  be¬ 


come  less  because 


of  cP, 


rand 


AxAy 

L^Ly 


Tliis  method  of  a  choice  of  the  measurement  condition 
and  the  estimation  of  requirements  to  the  measurement 
equipment  accuracy  can  be  used  as  well  in  the  case 
when  requirements  to  the  antenna  differeny  parameters 
determination  accuracy  are  given.  In  this  case  the  cor¬ 
responding  proximity  criteria  of  the  restored  and  true 
RP  are  to  be  used  [I]. 


REFERENCES 

1.  Baklwakli  L.D.,  Kremenetskiy  S.D.,  Kurochkin 
A.P.  ets.  Measuremments  Methods  of  Radiating 
Systems  Parameters  in  the  Near  Zone.  -  L.:  Nauka, 
1985,  272  p.  [in  Russian]. 

2.  Tseytman  N.M.  Methods  of  Microwave  Antenna 
Characteristics  Measurements.  M.:  Radio  and 
Sviaz,  1985  [in  Russian]. 

3.  Bakhrakh  L.D.,  Kurochkin  A.P.  Golography  at  the 
Microwave  Techniques.  -  M.:  Sov.  radio,  1979, 
320p.  [in  Russian]. 

4.  Novitskiy  P.V.,  Zograf  LA.  Estimation  of  Errors  of 
Measurements  Results.-L.:  Energoatomizdat, 
1991. -304p.  [in  Russian]. 

5.  Yanke  E.,  Emde  F.,  Lesh  F.  Special  Functions. 
Equations,  charts,  tables.  -  M.:  Nauka,  1977,  344p. 
[in  Russian]. 


Proceeding.s  of  the  3rd  International  Conference  on  Antenna  Theory  and  Techniques,  Sevastopil,  Ukraine,  8-11  Sept.  1999 


447 


ABOUT  NECESSITY  OF  CREATION  OF  THE  ADDITIONAL  SPACE 
SAR  CALIBRATION  POINTS  AND  EXPEDIENCE  OF  THEIR  INTEGRATION 
INTO  THE  INTERNATIONAL  CALIBRATION  NET 


V.  S.  Blinov 

Kharkov-145  poste  Restante,  310145,  Ukraine 
E-mail:  vnt.@crse.kharkov.ua 


ABSTRACT 

Scientific,  technical  and  organization  aspects  of  short¬ 
ening  intercalibration  period  of  space-borne  synthetic 
aperture  radar  (SAR)  are  considered.  In  this  paper  it  is 
proposed  to  use  for  calibration  of  SAR  antennas 
groundbased  antennas  of  space  radio  comunicaton, 
radio  telescopes,  meteo  radars,  etc.  in  the  additional 
(background)  regime  at  pauses  in  main  work.  Recom¬ 
mendations  on  integration  of  calibration  means  in  nets 
of  different  level  are  created. 

THE  EXTERNAL  CALIBRATION 
AND  SIZING  RESOURCES 

Dynamics  of  the  object's  characteristic  infonnation 
changing  —  the  radar  cross-section  (RCS),  studied  at 
radar  Earth  remote  sensing  (RERS)  with  using  space 
synthetic  aperture  radar  (SAR)  is  detennined  during 
the  intersession  analysis  (monitoring)  of  radar  images 
(RI)  of  one  and  the  same  terrain  site.  In  this  case  the 
exact  knowledge  of  the  object  reflection  characteristics 
is  required.  This  is  impossible  without  performing 
external  absolute  through  calibration  of  the  SAR  by 
standard  calibration  point  reflectors  or  natural  testing 
sites.  The  external  calibration  is  required  also  in  cases 
of  one-time  measurement.  On  tlie  expert's  opinion,  it 
should  be  done  as  frequently  as  possible,  better  before 
each  work  session.  For  the  absolute  calibration  of  the 
through  amplitude  characteristic  and  certification  of 
SARs  in  the  dynamic  range  part  the  external  standards 
of  the  RCS  are  need.  Usually  as  the  primary  standard  of 
the  RCS  there  are  used  passive  radar  reflectors:  Lune- 
berg  lenses,  spheres,  cylinders,  trihedral,  bihedral  cor¬ 
ner  reflectors  (CR),  dipole,  flate  [1]  and  also  active 
radar's  calibrators  (ARC).  Passive  reflectors  can  be 
classified  as  for  their  complexity  of  their  manufacturing 
in  the  following  way:  dipole,  plate,  comer  reflector 
(CR),  cylinder,  sphere,  lens.  The  last  one  almost  always 
is  used  as  primary  standard  for  calibration  of  other 
calibrators  under  laboratory  conditions  due  to  its  com¬ 
plication  and  expansiveness.  The  plate  is  simple,  but  it 
has  narrow  radiation  pattern  (RP).  This  complicates  the 
calibration.  The  RCS  of  the  small  sized  CR  doesn't 
correspond  to  calculated  value  and  the  CR  should  be 
replaced  with  spheres  or  lenses,  or  possibly,  with  the 
plates  [2.3].  For  the  high  values  of  the  RCS  even  the 
CR  becomes  bulky,  moreover  it  concerns  sphere  or 


lens.  ARC  overlaps  the  wide  range  of  values,  but  they 
operate  in  one  frequency  range  and  require  servicing. 

TESTING  SITES  AND  PERIOD 
OF  CALIBRATION.  PROPOSALS 

The  classified  primary  standard  reflectors  of  different 
design  parameters  represent  the  testing  site  for  calibra¬ 
tion.  This  testing  site  is  used  not  only  for  calibration 
but  also  for  certification  of  space  radars. 

The  time  interval  between  the  visits  to  just  the  same 
testing  site  is  different  for  different  space  systems.  For 
example,  for  systems  with  the  geometry  of  observation 
as  at  "ERS-1",  "ERS-2"  it  is  35  days.  It  is  too  much  for 
the  intercalibration  period. 

Therefore  there  is  the  problem  of  increasing  the  num¬ 
ber  of  testing  sites  or  we  have  to  find  another  idea. 

The  construction  of  the  additional  testing  site  in  favour 
of  one  national  space  system  RERS  is  economically 
inexpedient,  because  it  leads  to  rising  up  of  the  ex¬ 
penses  for  RI,  wliich  are  already  extremely  heave.  As  a 
consequence,  there  is  lack  of  possibility  to  cany  out  the 
external  calibration  of  space  radars  by  the  primary 
standard  reflectors  as  often  as  is  needed.  This  weakens 
the  confidence  of  the  radar  parameters  as  well  as  re¬ 
duces  the  precision  of  measurement  of  calibration 
wedge  steps  between  sessions.  This  makes  doubtful  the 
interpretation  of  different  session  radar  images  (RI)  of 
tlie  same  "picture"  obtained  with  functioning  RERS 
systems. 

Using  of  natural  calibrators,  such  as  Amazon  forests 
and  deserts,  does  not  solve  the  problem  completely.  At 
the  same  time  all  over  the  world  (in  particular,  in 
Ukraine)  there  are  enough  points  of  space  radio  com¬ 
munication  and  radio  telescopes  with  full  rotation  an¬ 
tennas  of  different  size  (from  1  to  70...  100  m  indiame¬ 
ter).  Some  of  them  are  occupied  only  episodically.  They 
could  undertake  additional  functions. 

For  calibration  and  certification  of  SAR  of  different 
classes  one  mast  have  the  collection  of  primary  stan¬ 
dards  of  wide  range  of  values.  For  space  SAR  the  time 
of  waiting  for  calibration  is  to  be  decreased.  That  de¬ 
mands  to  increase  the  number  of  calibration  points.  In 
this  paper  it  is  proposed  to  use  the  mentioned  above 
antennas  as  additional  calibrators  (mini  testing  sites). 
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The  expedience  to  create  calibration  net  of  local,  re¬ 
gional  and  global  levels  is  analyzed. 

An  essential  shortening  of  intercalibration  periods  of 
the  space-borne  SAR  is  possible,  ■when  expanding  the 
calibration  net.  Additional  points  can  be  created  at 
places  where  fnll  rotation  antennas  of  different  pur¬ 
poses  and  sizes  are  located.  After  simple  completion  the 
antenna  becomes  a  single  standard  reflector  with  high 
or  average  value  of  RCS  [2],  It  functions  between 
working  sessions  of  the  ground  based  equipment  op¬ 
eration,  when  the  antenna  is  not  used  for  the  m.ain 
purpose  it  is  intended. 

SUBSTANTIATION  OF  THE  SIZING 
RESOURCES  INTEGRATION 

The  operational  system  of  the  external  sizing  should 
provide  the  calibration  at  any  time  wanted  and  for  any 
trajectoiy  of  SAR  carrier  flight  around  Earth-orbit 
within  the  line-of-sight  distance  from  a  point,  with 
approximate  radius  of  1000  km.  (This  value  is  cor¬ 
rected  in  the  course  of  the  experimental  investigations). 
Hence,  the  necessity  follow  of  joining  separate  calibra¬ 
tors  (points)  into  nets  of  regional  and  international 
levels.  The  main  requirement  to  this  joining  is  the  one 
of  continuity  of  chain  of  windows  in  work,  which  arc 
ncccssaiy'  for  calibration. 

With  appearance  of  a  number  of  such  national  calibra¬ 
tion  nets  (it  is  better  to  join  them  into  the  international 
one)  there'll  be  possible  to  calibrate  space  SAR  several 
times  a  day.  This  periodicity  can  not  be  achieved  with 
concentrated  testing  sites  in  the  customary  knowledge. 
The  preliminarj'  work  for  realization  of  this  project  is 
lead  by  us.  The  difficulties  in  operating  with  narrow  RP 
make  us  to  use  the  passive-active  schedule  of  work. 

The  range  of  values  of  isolated  standards  of  the  RCS 
can  be  from  10  to  80...100-dBm^  [3].  The  expected 
error  of  standard  is  not  worse  than  it  is  for  ARC.  The 
confidence  is  not  worse  than  the  one  of  passive  reflec¬ 
tors.  When  using  the  insession  and  intersession  statisti¬ 
cal  processing  of  the  calibration  results,  the  accuracy  of 
the  calibration  wedge  detennination  can  be  increased 
[4]. 

INVITATION  TO  COOPERATION. 

PROSPECTS  OF  CALNET 

We  hope,  this  project  represents  interest,  because  it 
proposes  to  decrease  the  range  between  calibration  that 
is  desirable  for  any  acting  RERS  system.  We  invite 
anyone  who  is  interested  to  take  part  in  the  project 
realization  in  any  form. 

We  also  hope  that  any  space  agencies  or  oters.  related 
to  the  development,  creation,  exploitation  of  the  on¬ 
board  RERS  systems  and  with  the  application  of  the 
obtained  RI  will  support  us  in  the  idea  of  joining  the 
calibrating  resources  into  international  calibration 


network  (INTERCALNET)  [5].  In  future  this  net  can 
be  used  for  receipt  and  fast  delivery  of  RERS  material, 
for  example  RI  to  consumers. 
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ABSTRACT 

In  this  paper,  open-ended  coaxial  probe  is  studied  to 
make  nondestructive  EM-properties  of  planar  and  con¬ 
vex  surface  coating  material  testing.  An  error  analysis 
was  performed  to  investigate  the  influence  of  the  flange 
diameter  and  the  radius  of  convex  sample  variation  on 
tlie  reflection  coefficient.  A  cylindrical  2-D  FDTD  code 
was  developed  and  used  for  this  analysis.  It  is  found 
that  the  reflection  coelficient  affected  for  small  radii  of 
convex  sample.  Comparing  with  the  analytical  solu¬ 
tions  based  on  the  spectral-domain  model,  the  FDTD 
modeling  results  of  the  constitutive  parameters  s  and 
p*  for  planar  and  convex  samples  were  in  agree-ment 
with  the  published  data  by  companies.  Results  of  the 
FDTD  simulations  and  experiments  are  presented. 

INTRODUCTION 

Open-ended  coaxial  probes  have  been  investigated  by 
many  researchers  for  non-destructive  characterization 
of  dielectric  materials  [1-2],  However,  most  of  these 
studies  are  limited  to  measuring  the  complex  permit¬ 
tivity  only.  In  general,  the  properties  of  tlie  materials 
such  as  microwave  compound  are  required  to  be  char¬ 
acterized  by  complex  permittivity  s  and  permeability  p. 
Thus  it  is  necessary  to  extend  the  open-ended  coaxial 
probe  technique  to  measure  e”  and  p*.  Until  now,  in 
most  applications,  the  use  of  open-ended  coaxial  probe 
is  restricted  to  the  planar  sample  testing.  But  in  tlie 
practical  cases,  especially  on  the  worksite  testing  it  is 
required  to  test  the  curv'ed  samples  such  as  convex 
surfaces.  Also  for  in-situ  testing  of  material,  it  is  more 
convenient  to  use  open-ended  coaxial  probe  with  finite 
flange.  Therefore,  numerical  techniques  can  be  used  for 
modeling  the  open-ended  coaxial  probe  to  obtain  mate¬ 
rial  properties  iteratively  from  the  measured  reflection 
coefficients.  Recently,  a  paper  has  been  published  [3]  to 
quantify  errors  on  the  input  reflection  coefficient  due  to 
air  gaps  between  the  coaxial  probe  and  the  surface  of 
the  material  under  test.  Tliis  paper  focuses  on  quanti¬ 
fying  errors  due  to  air  gaps  between  the  coaxial  probe 
and  convex  sample  as  shown  in  Fig.  1  (b).  For  air  gaps 
under  consideration,  the  use  of  the  analytical  procedure 
is  rather  difficult.  Therefore,  errors  created  by  these  air 
gaps  are  analyzed  using  Finite-Difference  Time- 
Domain  (FDTD)  method.  The  effect  of  the  flange  di¬ 
ameter  on  the  measurement  is  investigated.  Also,  tlie 


FDTD  modeling  technique  is  used  to  obtain  both  e*  and 
p*  of  planar  and  convex  surface  coating  materials. 
Modeling  results  are  compared  with  the  analytical 
solutions  based  on  spectral-domain  model  and  the 
available  data  recently  published  by  companies  to  dem¬ 
onstrate  the  feasibility  of  FDTD-method  in  such  prob¬ 
lems. 


SPECTRAL-DOMAIN  MODEL  OF  THE  PROBE 


Admittance;  It  is  not  lost  generality  to  consider  the 
situation  when  material  under  test  is  coated  on  metal 
surface  as  shown  in  Fig.  1  (a).  The  inner  and  outer 
radii  of  air  filled  coaxial  line  are  a  and  b  respectively. 
The  material  under  test  whose  EM  properties  are  char¬ 
acterized  by  the  relative  complex  permittivity  e  and 
permeability  p  is  assumed  to  be  linear,  isotropic  and 
homogenous  in  nature  with  thickness  d.  The  spectral- 
domain  model,  which  takes  into  account  only  the  prin¬ 
cipal  TEM  mode,  is  formulated  to  relate  the  measured 
reflection  coefficient  with  the  EM-properties  to  be  de¬ 
termined.  The  obtained  normalized  admittance  model 
is  given  as  follow  [2] 


Y  =■ 


1-r 
1  +  r 


rl, 


-A^ep 


(1) 


where.  To  is  the  characteristic  admittance  of  the  coaxial 
line,  r  is  tlie  measured  reflection  coefficient,  ko  is  the 
wave  number  in  free  space. 


NUMERICAL  ANALYSIS  OF  FDTD  MODELING 
To  assist  in  the  modeling  of  the  air  gaps  on  the  order  of 
0.05  mm  with  the  curved  surfaces,  a  cylindrical  FDTD 
code  is  developed  to  calculate  the  input  reflection  coef¬ 
ficient  of  finite  flange  coaxial  probe  tenninated  with 
planar  and  convex  samples.  The  model  is  2-D  with  the 
center  of  inner  conductor  forming  line  of  symmetry  as 
depicted  in  Fig.  1  (b).  First-order  absorbing  boundaries 
are  placed  around  the  probe  to  limit  tlie  computational 
domain  and  increase  the  computational  efficiency.  The 
singularity  in  the  coordinate  system  along  Z-axis  is 
handled  with  technique  described  in  [4],  Effective  aver¬ 
age  values  of  constitutive  parameters  are  used  to  calcu¬ 
late  field  components  at  different  interfaces.  A  stair- 
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Fig.  1.  Schematic  presentation  of  the  coaxial  probe,  a  =  inner  conductor  radius,  b  =  outer  conductor  inner  radius, 
c  =  outer  conductor  outer  radius  with  convex  sample  of  radius  R.  (a)  Planar  Sample  (b)  Convex  Sample 


Convex  Semple  Radius  (  MM  ) 


Fig.  2 


Fig,  3 


Fig.  2.  Comparison  of  the  spectral-domain  model  and  FDTD  code  results  (Teflon) 

Fig.  3.  Variation  of  reflection  coefficient  of  the  coaxial  probe  with  convex  sample  radius 


stepped  approximation  technique  is  used  to  calculate 
field  components  at  curved  media  between  the  probe 
and  the  sample  under  test.  A  forward  moving  toward 
tlie  measurement  end  TEM  wave  is  launched  at  the 
excitation  plane  located  inside  the  coaxial  line.  Field 
distributions  in  the  sample,  air  gap  and  the  coaxial 
probe  are  calculated  using  Yee  procedure  [5].  Sampling 
of  the  fields  occurs  away  from  the  aperture  to  avoid 
higher  order  TM  modes  excited  by  the  aperture  and 
other  discontinuities.  The  reflection  coefficient  is  com¬ 
puted  at  the  sampling  point  using  technique  described 
in  [6]. 

RESULTS 

A  number  of  tests  were  conducted  for  samples  of  differ¬ 
ent  lossy  materials  of  planar  and  convex  surfaces  to 
determine  both  e*  and  p*  using  spectral-domain  model 
and  FDTD-mcthod.  Measure-ments  corresponding  to 
the  selected  flange  diameters  and  convex  radii  are  per¬ 
formed  using  HP-85 lOB  automatic  network  analyzer  at 
10  GHz.  Tliickness  varying  method  is  used  to  achieve 


the  two  reflection  coefficients  required  to  extract  s'  and 
p’  using  the  admittance  model  as  in  equation  (1)  and 
FDTD  technique,  s’  and  p*  are  obtained  by  imple¬ 
menting  an  algorithm  which  finds  the  roots  of  tlie  error 
functions  between  the  measured  and  the  calculated 
reflection  coefficients.  To  check  the  accuracy  of  our 
FDTD  code,  we  first  compared  the  FDTD  results  with 
the  data  published  in  [7]  as  shown  in  Fig.  2,  where  it 
may  be  seen  good  agreements  between  them.  It  is  also 
seen  that  at  lower  frequencies,  the  amplitude  of  the 
reflection  coefficient  obtained  by  FDTD-method  is 
slightly  longer  than  unity  due  to  round  off  error  arising 
from  the  use  of  absorbing  boundary  condition.  As  the 
field  in  the  materials  having  losses  decay  much  faster, 
tlie  conclusions  obtained  by  considering  materials  with 
no  losses  such  as  Teflon,  is  the  worst  case  conclusion. 
To  quantify  the  influence  of  air  gaps  between  the  co¬ 
axial  probe  and  the  convex  sample,  on  reflection  coeffi¬ 
cient,  different  flange  diameters  and  convex  sample 
radii  are  simulated  and  the  results  are  shown  in  Fig.  3. 
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Table  1 

Comparison  of  the  calculated  e*  and  p*  for  different  flange  diameters 
(Planar  sample) 


Flange 

Diameter 

Method 

Value 

Er 

tan  5e 

Fr 

tan  5^ 

60  mm 

Spectral 

11.10 

-0.021 

1.36 

0.65 

60mm 

FDTD 

10.63 

-0.005 

1.29 

0.65 

13  mm 

Spectral 

11.53 

-0.016 

1.24 

0.83 

13mm 

FDTD 

10.74 

-0.006 

1.33 

0.64 

Reference  [8] 

10.40 

-0.005 

1.35 

0.64 

Table  2 

Comparison  of  the  calculated  s*  and  p*  for  different  convex  sample  radius 
(Flange  diameter  =  28  mm) 


Convex 

Radius 

Method 

Value 

£r 

tan  6e 

Fr 

tan 

100  mm 

Spectral 

13.20 

-0.12 

1.59 

1.10 

100  mm 

FDTD 

14.89 

0.023 

1.28 

1.21 

150  mm 

Spectral 

13.67 

-0.01 

1.59 

1.08 

150  mm 

FDTD 

14.92 

0,022 

1.26 

1.22 

Reference  [8] 

1495 

00222 

135 

122 

The  calculated  reflection  coefficient  for  the  convex 
sample  decreases  for  small  radii  as  compared  to  the 
measured  reflection  coefficient  of  the  planar  sample, 
which  may  be  due  to  the  nature  of  convex  surface.  Also, 
it  can  be  observed  from  the  Fig.  3  that  the  flange  di¬ 
ameter  has  negligible  effect  on  the  reflection  coefficient 
measurement.  It  is  clear  from  the  FDTD  results  that  the 
reflection  coefficient  is  substantially  affected  for  small 
radii  of  convex  sample.  To  explore  tlie  limits  of  the 
analytical  solution  based  on  the  spectral-domain  model, 
we  use  the  FDTD-method  to  simulate  s'  and  p*  meas¬ 
urement  with  open-ended  coaxial  probe  for  different 
lossy  materials.  Again,  a  series  of  tests  and  simulations 
are  conducted  to  obtain  both  s’  and  p’  simultaneously 
for  the  planar  and  convex  surfaces  samples  using  co¬ 
axial  probe  with  its  finite  dimension  of  the  flange.  The 
measured  values  of  s  and  p  of  planar  sample  using  the 
spectral-domain  model  and  FDTD-method  for  two 
different  flange  diameters  of  the  coaxial  probe  are  com¬ 
pared  in  Table  1.  It  is  clear  tliat  the  error  in  the  meas¬ 
ured  values  is  higher  in  the  case  of  using  spectral- 
domain  model  compared  to  tlie  reference  data  [8].  Also 


tlie  error  increases  for  smaller  flange  diameter  of  the 
probe.  This  error  in  the  measurement  is  reasonable 
since  the  assumption  of  the  infinite  flange  of  the  probe 
was  made.  In  the  FDTD-method,  the  results  for  both 
flange  diameters  agree  well  with  the  reference  data. 
The  small  discrepancy  between  the  FDTD  results  is  due 
to  using  finite  flange  diameter  by  which  tlie  reflection 
coefficient  is  higher  for  the  small  flange.  This  could  be 
caused  by  the  presence  of  additional  scattering  edges 
near  the  aperture.  The  measured  s’  and  p’  using  an¬ 
other  lossy  material  for  two  radii  of  convex  sample  are 
given  in  Table  2.  Again,  it  can  be  an  error  in  measure¬ 
ment  caused  by  using  spectral-domain  model  and  the 
error  increases  for  small  radii  of  convex  sample.  For 
the  FDTD-method,  the  measured  values  of  e*  and  p’  are 
agree  well  with  the  reference  data  which  may  be  due  to 
geometry  being  modeled.  Despite,  the  errors  in  tlie  two 
methods  are  reasonable  since  the  reflection  coefficients 
are  affected  by  the  air  gaps  between  the  probe  and  the 
convex  sample.  But  this  error  is  more  serious  in  the 
spectral  domain  model.  The  radii  of  the  sample  consid¬ 
ered  in  the  analysis  herein  represent  the  worst  case.  For 
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practical  purposes,  the  radius  is  larger  and  accurate 
results  can  be  obtained.  For  the  cases  examined,  the 
results  clearly  demonstrate  the  feasibility  of  using 
FDTD  method  for  modeling  the  open-ended  coaxial 
probe  to  determine  both  e’  and  p*  of  lossy  materials. 
The  thickness  varying  method,  whicli  makes  two  re¬ 
flection  coefficients  measurement  with  two  samples  of 
different  thicknesses  is  not  convenient  for  testing  coat¬ 
ing  materials  in-situ  and  errors  are  introduced  in  the 
measurement  process.  Therefore,  the  technique  de¬ 
scribed  in  [9]  can  be  used  which  simplify  and  speeds  up 
tlic  measurement  process  as  well  as  improves  the  accu¬ 
racy. 

CONCLUSION 

In  this  paper,  an  error  analysis  is  done  to  investigate 
the  influence  of  non-unifonn  air  gaps  and  the  flange 
diameter  on  the  EM-properties  measurement.  Results  of 
FDTD  modeling  and  the  analytical  solutions  have 
shown  that  it  is  quite  difficult  to  extend  the  theoretical 
models  developed  for  the  flanged  open-ended  coaxial 
probe  to  include  the  effect  of  finite  flange  and  the 
curved  surfaces  materials.  Therefore,  in  planar  and 
curved  surface  material  testing,  using  flie  FDTD- 
method  is  essential  to  obtain  accurate  inversion  results. 
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Complex  reflectivity  characterizes  mode  of  operation  of 
a  transmission  line  and  enables  to  evaluate  parameters 
of  a  transmission  line  load.  Therefore  methods  and 
measurement  devices  of  reflection  factor  always  causes 
the  certain  interest  of  the  experts  working  in  the  field  of 
antennas  and  microwave  devices. 


In  known  methods  of  reflection  factor  measurement 
either  three  -  four  probes,  or  rotating  probes,  or  com¬ 
plex  constructive  couplers  are  used.  For  simplification 
of  the  measuring  device,  increasing  its  reliability  and 
accuracy  tv'o-probe  complex  reflectivity  meter  of  is 
designed.  (Fig.) 


Fig.  Complex  reflectivity  meter 


The  device  connected  by  plugs  (P)  PI  and  P2  is  in¬ 
cluded  in  a  microwave  path  connecting  the  a  micro- 
wave  generator  with  a  toad.  In  measuring  section  of  a 
transmission  line  on  distance  XIA  from  each  other  there 
are  probes  (3)  31  and  32.  Voltages,  measured  by  these 
probes,  by  T-bends  (T)  T1  and  T2  are  divided  in  two 
synchro-phase  and  equal  by  wave  power,  which  are 
made  to  ring  bridges  (KM)  KMl  and  KM2.  In  ring 
bridges  the  distance  dab  =  dbc  =  d^a  =  A./4  and  the  dis¬ 
tance  by  an  arc  'ad'  counter-clockwise  is  equal  dad  = 
3?i,/4,  therefore  shoulders  'a'  and  'c'  are  mutually  untied 
and  to  diem  the  waves  from  T-bend  outputs  P5,  P6,  and 


P7,  P8  are  made  up.  By  means  of  diat  in  shoulders  "b' 
the  total  waves,  and  in  shoulders 'd'  -  difference  waves 
are  derivated. 

If  you  count  coordinate  Z  from  a  load  up  to  the  probe 
32,  voltage  on  plugs  P5  and  P6  of  the  T-bend  T1  is 
determined  as 

U ;  =  U  n  ^  ip(z+v4)^  U  g  ^  -iP(z+V4)  ^ 

And  on  plugs  P7  and  P8  of  the  T-bend  T2 

(2) 
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Un  -  an  amplitude  of  a  falling  wave,  p  =  InlX  -  a  con¬ 
stant  of  distribution  in  a  transmission  line,  X  -  the 

length  of  a  wave  in  a  microwave  path;  Uq  “  ^  complex 
amplitude  of  a  reflected  wave. 

Using  significance  complex  reflectivity  r  =  A  ^ 
expression  (1)  and  (2)  can  be  shown  as. 


And  the  voltage  of  the  difference  wave 

U”  =  i2Un  r  =  i2Un  (9) 

All  four  the  voltages  (see  fig.)  come  to  tlie  detection 
sections  with  a  straight-line  characteristic  of  transfor¬ 
mation,  therefore  constant  voltage  on  output  clips  of 
detectors  are; 


ti,  = 

ti,  =  u„  + 

For  die  inclusion  of  measuring  section  could  not  cause 
changes  to  mode  of  a  transmission  line  operation,  its 
length  from  the  plug  PI  up  to  the  plug  P2  is  selected 
equal  to  an  integer  of  half-waves.  Therefore  distance  dl 
and  d2  should  satisfy  to  conditions. 

A 

dl  =  S-U/4  (4) 

2 


And 


d2=q  — ,  where  s,q  e  N. 

2 

In  tliis  connection  exp(ipz)  =  1  and  the  expression  (3) 
becomes  simpler 


u®  =  fg(u;,)  =  V2kg  ^i  +  r^+2rsm<p  Uj^;  (lo) 

=  =  Vl  +  r'-2rsinp  Un  (11) 

U^  =  f,(U:;)-2k3rUn;  (12) 

<  =  f,(U")  =  2k3Un.  (13) 

All  these  voltages  will  be  transfonned  to  the  digital 

form  by  means  of  analog-to-digitial  converters  (ADC). 

In  tlie  computing  device  (B)  "B"  the  magnitude  of  re¬ 
flection  factor  is  calculated  as  the  division  of  volt- 

ageUj  (12)  to  voltage  U^  (13). 

r=U3/U®  (14) 

The  parameters  5  and  y  are  calculated 


U,  =iUn(l-f) 
and 

U2=Un(l+r)  (5) 

The  lengths  of  sections  of  a  line  from  P5  up  to  the  plug 
PIO  of  the  bridge  KMl  and  from  P7  up  to  the  plug  P14 

should  be  such,  that  the  phase  parities  of  voltage  Uj 

and  Uj  would  not  be  destroyed,  then  in  a  shoulder  "b' 
(in  the  plug  PIO)  the  total  wave  is  formed  which  can  be 
characterized  by  voltage: 

U;  =U,+U2=  Un[l+i+f  (1-i)]  (6) 


Values  5  and  y  are  erected  in  a  square  and  define  the 
unit  and  phase  of  the  reflectivity 


r=  V§^  +  y^-l, 

(16) 

y  arcsin(  - ^). 

(17) 

2V5  -fy  -1 


On  the  same  conditions  difference  wave  in  a  shoulder 
'd'; 

u;,  =  U2-u,=Un[i-i+r(i+i)].  (?) 

To  the  shoulder  'a'  of  the  second  bridge  KM2  the  volt¬ 
age  U1  (5)  is  made  in  the  same  phase,  as  to  the  shoul¬ 
der  'a'  of  the  bridge  KMl.  The  wave  of  voltage  U^ 

acquires  additional  phase  shift  90°  in  tlie  fixed  phase 
shifter  connected  between  the  plugs  P8  and  P9,  there¬ 
fore  voltage  of  a  total  wave  in  a  shoulder  'b'  of  the  sec¬ 
ond  bridge  is 

U;'=i2Un  (8) 


The  value  f,  obtained  from  the  expression  (16)  is  com¬ 
pared  to  the  value  (14)  and  used  for  a  control  measure¬ 
ment  accuracy. 

Main  source  of  errors  are  the  breaks  of  phase  parities, 
instability  and  disorder  of  transmission  factors  of  de¬ 
tectors,  the  inaccuracies  in  definition  of  detected  volt¬ 
age  significances. 

For  checking  of  accuracy  of  operation  and  calibration 
the  measuring  section  of  a  transmission  line  is  loaded 
on  an  agreed  load.  Here  (2  =  (2  =  0,5.  If  output  is  dis¬ 
connected  (2  =  2,  (2  =  0  and  if  output  of  section  is 
shorted. 
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Let's  consider  influence  of  a  wave  length  change  on 
accuracy  of  measurement  of  the  magnitude  of  reflectiv¬ 
ity.  Let's  accept,  that  the  phase  shift  on  90*’  is  realized 
by  passing  a  wave  of  the  waveguide  section  of  length 
'a',  then  from  the  formula  (14)  with  the  help  of  expres¬ 
sions  (8),  (9)  and  (1),  (2)  we  can  define  the  measured 
significance  of  reflection  factor. 

(Z+a)^p^-ip  (Z+a)_£ip  (Z+a)  _p^-ip  (Z-a) 
^rad  (Z+a)  ^ip  (Z+a)  ^p^-ip  (Z-a)’ 

where  Fj-gj  -  reflectivity  from  a  toad.  Getting  rid  of 
identical  factors  and  components,  we  obtain 

Trad  =rf(A.), 

where 


Assume,  that  the  magnitude  of  reflectivity  from  a  load 
little  depends  on  a  length  of  a  wave,  we  find 

AT 

—  =  Af().)A). . 

r 

Using  expression  (18),  we  define  a  comparative  error  of 
calculation  of  the  magnitude  of  reflectivity 

<5r  =  7t5(^)  (19) 

As  it  follows  from  (19)  error  <5r  stipulated  by  change  of 
of  the  wave  length,  increases  inrt  times.  For  example 
the  range  of  frequencies  10  000  MHz  error  0,03  is 
possible  to  ensure  the  error  0.03  in  a  bend  of  frequen¬ 
cies  up  to  100  MHz. 


f(^)  = 


271;  a 

sin( - ) 

1 


2%  a 

i  ^  +rcos( - ) 

I 


(18) 
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THE  MEASUREMENT  OF  A  POWER  FLOW  IN  TWO-MODE  WAVEGUIDE 
WITH  USING  GALVANOMAGNETIC  TRANSDUCERS 
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National  Technical  University  of  Ukraine  “Kyiv  Politechnical  Institute”, 
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The  most  widespread  method  of  power  measuring  in 
multimode  waveguide  supposes  using  of  multiprobe 
section  [1],  [2].  Such  a  section  contains  gauges  of  elec¬ 
trical  field  in  shape  of  tliin  wire  probes.  The  probes  are 
situated  in  several  reference  and  measuring  sections.  It 
is  possible  to  measure  amplitudes  and  phases  of  wave 
composition  with  use  of  such  a  section.  The  power  of 
each  wave  is  calculated  from  the  obtained  amplitudes  of 
fields. 


Fig.  1.  Situating  of  gauge  on  the  waveguide’s  wall 


The  method  of  determination  the  power  of  waves  in 
two-mode  waveguide  with  using  galvanomagnetic 
transducers  of  microwave  power  flow  on  tlie  base  of 
ferromagnetic  films  [3]  (later  on  -  galvanomagnetic 
gauges  or  simply  gauges)  is  presented  by  us.  The  prin¬ 
ciple  of  galvanomagnetic  gauges’  operation  is  in  using 
galvanomagnetic  phenomenons  -  magnetic-resistance 
and  anomalous  Holl’s  effect.  These  phenomenons  ap¬ 
pear  in  ferromagnetic  films,  operating  in  the  mode  of 
ferromagnetic  resonance.  At  that  microwave  magnetic 
field  excites  alternative  magnetization,  that  changes 
film’s  resistance.  If  in  such  a  medium  microwave  cur¬ 
rent  of  the  some  frequency  flows  additionally,  than 
converted  field  arises  in  tlie  result  of  parametric  detec¬ 
tion  in  the  volume  of  film.  The  mean  of  this  field  is 
proportional  to  a  real  part  of  Poynting’s  vector. 


Thus,  the  signal  from  the  gauge  which  is  situated  on  a 
waveguide’s  wall  will  be  proportional  to  the  real  part  of 
Poynting’s  vector  of  a  total  electromagnetic  field  (see 
Fig.  1): 

U  =  KRe(ITJ.  (1) 

K  —  calibration  factor  of  tlie  gauge.  The  Poynting’s 
vector  represents  product; 


EsxHs 


(2) 


In  the  given  expression  Er  and  Hi  represent  the  sums 
of  transverse  component  of  all  waves,  including  inci¬ 
dent  and  reflected  ones. 


Let's  write  field  strengths  for  the  two-mode  case,  in 
which  there  are  only  Hio  and  H20  waves: 

T^n  ;  \^r  Tin  mTCX  „j.(-r„o'Z+<({,o ) 

LyniO  -  “J'  '^tnO  '^xmO  - 6 


E"  =i-W  -H"  -sin— — 
J^ymO  J  '^mO  -^xmO  ^ 


in  Tjn  "in  g-i(-rnio-z-KPmo) 

^xnio  “  J  c 


(3) 


H 


a 

.  mTCX 


HL„=-j-H:„o-sin - m  =  l,2. 

a 


Here,  Wmo  —  characteristic  impedance  of  the  wave  Hn,o 
in  the  waveguide;  Troo  —  propagation  constant  of  the 
wave  Htno  in  tlie  waveguide;  H^o  and  epmo  —  amplitude 
and  phase  of  magnetic  field  strength  of  the  wave  Hmo. 
The  superscripts  n  and  o  denote  belonging  either  to 
incident  or  to  reflected  wave,  respectively. 

Thus,  tlie  multipliers  in  equation  (2)  represent  values: 


Es  —  (EyiQ  +Ey|0  +Ey20  ■*‘Fy2o)’yo 


Hi  = 


h;;,o+h:,o+h::2„+h;2o 


(4) 


'X„. 


By  substituting  these  values  in  (2),  and  then  (2)  in  (1), 
we  shall  find,  that 


U  =  K-  n,Q  ‘sin^ — + 


„  .  ,  271X  _  .  271X  .  TlX 

+  n2o  'sm  - -t-C-sm - sin  — 

a  a  a 


(5) 
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where 

n,o=~W,„-((Hro)*-{Hr„^),  (6) 

n,o=Y'W,o-((HjJ-(H“j),  (7) 

C  =  — •  |l7|o  •  Hjo  •  cos((r20  -  rui)-z  +cp,Q  -cpjp)- 

-  h;  •  h;  •  ccsfr^o  -  r,o)-  Z + cp°,o  -  q’rjx 

x(W.o  +  W2„)+  (8) 

+  [hI-o  •  HI  •  cosfc  +  r,o).  z  +  cp^o  -  cp^o)- 

-H^o  -h;  -coslr^o +r,o)z+cp;o  -<o)]x 

x(W20-W,„)} 

How  it  is  seen  from  (6)  and  (7),  the  components  flio 
and  1120  represent  absolute  value  of  Poynting’s  vectors 
of  waves  Hio  and  H20  separately.  These  values  should  be 
detennined  to  us. 

There  are  three  unknown  values  in  the  equation  (5); 
Hio,  1120,  and  C.  Therefore,  having  defined  with  a  cer¬ 
tain  value  of  coordinate  z,  and  having  arranged  tliree 
gauges  in  points  Xi,  it  is  possible  to  make  the  system  of 
equations: 


K;  -  I  rijQ  -sin^ 


27tXi 


.  27UX:  .  nx- 

— -  •  sin — - 
a  a 


=  U..  (9) 


i  =  1,2,3. 


The  given  system  is  easily  solved  with  tlie  help  of  com¬ 
puter. 

It  should  be  noted,  that  value  C  represents  a  combina¬ 
tion  of  products  of  all  existing  field  strengths,  and  it 
depends  on  many  variables: 

c  =  cfe,(p:tz)  (10) 

The  computer  experiment,  in  which  the  dependence  of 
n„o  values’  detennination  accuracy  on  the  coordinates 
of  gauges  and  on  changing  of  waves’  phases  is  investi¬ 
gated,  was  carried  out  by  us.  The  magnetic  field  on 
frequency  4.5  GHz  in  the  rectangular  waveguide  72x34 
mm  was  simulated.  The  amplitudes  of  field  strengths 
were  chosen: 


Hfo  =  =  2  •  1  O'"  A/m;  HI’o  =  =  M 0“^  A/m. 

Longitudinal  coordinate  z  was  chosen: 


Bz  = 


7t 

3(r2o-r,o) 


-0.022  m. 


It  is  supposed,  that  all  the  calibration  factors  are  equal 
to  unit. 


The  random  values  of  coordinates  Xi  were  generated 
with  the  random  numbers  generator.  The  phases  (p^o 
were  also  generated  on  the  each  set  of  coordinates.  In 
the  result,  the  data  array  was  obtained  (Table  1), 

The  results  of  computation  are  shown  in  the  Table  2. 


Table  1 


The  coordinates  of  gauges  and  tlie  phases  of  waves 


Xi 

X2 

X3 

fpro 

4>20 

^20 

El 

M 

rad 

1 

0.008 

0.059 

0.020 

5.218890 

0.665913 

0.462310 

2.605526 

2 

0.008 

0.059 

0.020 

3.465766 

4.826006 

3.557480 

4.609133 

3 

0.008 

0.059 

0.020 

5.417168 

3.605163 

1.887281 

0.918405 

1 

0.056 

0.040 

0.063 

1.138081 

5.708012 

1.908881 

3.833564 

H 

0.056 

0.040 

0.063 

1.725076 

0.474110 

3.786074 

6.149724 

B 

0.056 

0.040 

0.063 

4.494238 

2.183859 

3.522023 

2.971317 

fl 

0.006 

0.029 

0.007 

3.403746 

4.362166 

6.231033 

1.896779 

B 

0.006 

0.029 

0.007 

5.710009 

2.844226 

1.195885 

4.374097 

0.006 

0.029 

0.007 

5.915627 

6.083404 

5.268354 

4.108367 
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Table  2 


The  results  of  computation 


Computational  values 
of  unknowns 

Computational  values  of  the 
gauges’  signals 

Values  of  unknowns,  obtained 
from  solving  the  set  of  equations. 

flio 

n2o 

C 

u, 

Us 

Hio 

n2o 

C 

No 

Wt/m^ 

V 

Wt/m^ 

1 

0.000638 

0.001497 

0.002531 

0.001119 

0.000181 

0.003734 

0.000640 

0.001496 

0.002531 

2 

0.000638 

0.001497 

0.001234 

0.000865 

0.000817 

0.002757 

0.000635 

0.001499 

0.001234 

3 

0.000638 

0.001497 

-0.000364 

0.000551 

0.001599 

0.001554 

0.000640 

0.001496 

-0.000364 

1 

0.000638 

0.001497 

0.001896 

0.000515 

0.000167 

0.000326 

0.000639 

0.001498 

0.001898 

2 

0.000638 

0.001497 

0.001538 

0.000742 

0.000283 

0.000422 

0.000641 

0.001503 

0.001549 

3 

0.000638 

0.001497 

-0.001131 

0.002437 

0.001151 

0.001136 

0.000639 

0.001498 

-0.001130 

1 

0.000638 

0.001497 

-0.000512 

0.000352 

0.000768 

0.000500 

0.000699 

0.001554 

-0.000652 

2 

0.000638 

0.001497 

0.003470 

0.000869 

0.002865 

0.001246 

0.000888 

0.001725 

0.002904 

3 

0.000638 

0.001497 

-0.000730 

0.000323 

0.000653 

0.000459 

0.000477 

0.001350 

-0.000366 

As  it  is  seen  from  the  results,  the  value  of  Poynting’s 
vector  (power  fiow)  of  each  wave  does  not  depend  on 
tlicir  phases.  Furthermore,  the  results,  which  are 
founded  from  the  set  of  equations,  are  in  agreement 
with  the  computation  values.  However,  there  is  some 
divergence  in  the  determining  of  waves’  power  flow 
under  a  close  arrangement  of  gauges.  This  divergence 
is  connected  only  with  the  computational  error.  The 
following  task  of  researching  will  be  detennining  of  an 
optimum  arrangement  of  gauges. 
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OF  LARGE  REFLECTOR  ANTENNAS 
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ABSTRACT 

The  results  of  radioholographic  correlational  measure¬ 
ments  of  the  characteristics  of  several  large  Russian 
reflector  antennas  are  discussed.  Some  features  are 
considered  of  measurements  with  using  of  signals  of 
natural  radiosources  and  geostationary  satellites.  The 
techniques  and  results  of  the  measurements  on  the  64- 
meter  antenna  at  the  deep  space  communicational  cen¬ 
tre  “Medvezhy  Ozera”  near  Moscow  are  detailed  sub¬ 
mitted.  These  measurements  were  carried  out  in  1996- 
1998  with  the  4  GHz  signals  of  geostationary  satellites 
and  discrete  radio  source  Cygnus-A.  The  fonn  of  a 
reflecting  surface  of  the  main  mirror  was  restored  with 
accuracy  about  0.1  mm  (rms)  and  resolution  along  the 
aperture  near  of  90  cm.  By  results  of  measurements  tire 
adjustment  of  mirror  system  of  this  antenna  was  exe¬ 
cuted.  Besides  the  tliennal  defonnations  of  a  mirror 
caused  by  daytime  solar  heating  were  investigated  as 
well  as  dependence  of  the  mirror  form  on  elevation 
(gravitational  defonnations).  In  the  report  the  most  of 
experimental  results  may  be  demonstrated  in  the  form 
of  color  maps  of  field  distributions. 


INTRODUCTION 


Nowadays  antenna  measurements  are  etfectively  done 
by  some  modifications  of  the  holographic  method  (for 
example,  see  [1,2]).  The  correlational  radioastronomi- 
cal  antenna  measurements  with  extraterrestrial  sources 
[3,4]  is  a  variant  of  the  holographic  method.  Fig.  1 
demonstrates  the  block-scheme  of  this  method  of  an¬ 
tenna  measurements. 


TEST  ANTENNA 


BESITLTS  or  MEASUREMENTS: 
APERTURE  ILLUMINATION 
REFLECTOR  PROFILE 
SUBREPLECTOR  POSITION 


LOW  SIDELOBES 


E(x,y)=A(x,y)e*®(^T) 
FIELD  DISTRIBUTION 
IN  APERTURE 

T  — 


SETERENCE 

ANTENNA 


CORRELATIONAL 

RECEIVER 

. X  . 


COMPLEX  FAR-FIELD 
'-i  PATTERN  ^(u,v) 
OF  TEST  ANTENNA 


FOURIER  TRANSFORMATION 


Fig.  1.  Diagram  of  correiation  antenna  measurements 


Measurements  need  the  special  two-channel  correlation 
receiver  and  also  additional  reference  antenna  incorpo¬ 
rated  with  tested  in  small-base  interferometer  and 
tracking  the  radiosource.  The  advantage  of  a  considered 
method  above  a  usual  radio  astronomical  antenna 
measurements  is  an  ability  to  measure  the  far-field 
pattern  in  significantly  greater  dynamic  range,  because 
an  output  signal  of  the  correlational  receiver  is  propor¬ 
tional  to  a  field  strength  pattern  of  the  tested  antenna. 
This  method  is  also  suitable  for  measurement  of  phase 
and  polarization  parameters  of  the  antenna  pattern.  The 
measurement  of  complex  far-field  pattern  in  a  large 
angular  region  and  Fourier  transformation  of  the  meas¬ 
ured  data  allow  to  restore  a  complex  field  distribution 
in  aperture. 

Similar  technique  was  used  at  several  large  radiotele¬ 
scopes  for  determination  and  alignment  of  mirror’s 
panels  positions  and  subreflector  displacements,  for 
example  [1,5],  Such  measurements  with  a  high  degree 
of  accuracy  require  development  of  the  appropriate 
techniques,  equipment  and  software  and  also  careful 
analysis  of  opportunities  and  errors  [8]. 

The  correlation  radioastronomical  method  was  devel¬ 
oped  during  a  number  of  years  in  the  Nizhny  Novgorod 
Radiophysical  Research  Institute  (NIRFI)  for  antennas 
with  mirrors  from  7  up  to  70  meters.  The  measure¬ 
ments  were  carried  out  with  signals  of  discrete  radio¬ 
sources,  geostationary  satellites  and  Sun  in  frequency 
ranges  from  500  MHz  up  to  11  GHz.  The  antennas 
with  mirrors  from  1  up  to  25  m.  were  used  as  reference. 
Some  results  received  recently  are  presented  below. 
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Fig.  2.  Cross  section  of  the  25-meter  antenna  far-field 
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EXPERIMENTAL  RESULTS 

The  measurements  witli  discrete  radio  sources  Cygnus 
A  and  Cassiopeia  A  were  carried  out  for  25-meter 
tested  antenna  and  25-metcr  reference  one  with  a  dis¬ 
tance  about  100  meters  at  the  wavelength  10  cm  [6], 
The  Fig.  2  demonstrates  as  an  example  of  far-field 
pattern  cross-section  of  the  25-meter  antenna,  obtained 
through  the  correlational  measurement  method  with  the 
radio  source  Cygnus  A. 

The  measured  dynamic  range  was  about  50  dB,  while 
in  modulationa!  radioastronomical  measurements  it  did 
not  exceed  25  dB. 

At  the  radioholographic  measurements  with  space  radio 
sources  one  should  exclude  from  the  data  being  meas¬ 
ured  an  interferometric  component,  caused  by  the 
source  displacement.  We  used  additional  calibrations 
data  for  detennine  of  size  and  the  orientation  of  the 
interferometre  baseline,  after  tliat  an  amplitude  and 
phase  distributions  in  aperture  W'ere  restored. 
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Fig.  3.  Comparison  of  TNA-1500  aperture  maps 
before  and  after  adjustment 


In  1996-1998  the  holographic  measurements  were 
fulfilled  for  one  of  largest  Russian  fiilly  steerable  ra¬ 
diotelescopes  —  64-mcter  mirror  antenna  in  space 
communication  center  “Medvezhy  Ozera”  near  Mos¬ 
cow  [7,  8].  4  GHz  signals  of  geostationary  satellites  and 


discrete  radio  source  Cygnus-A  were  used.  A  reference 
90-cm  antenna  was  installed  at  the  tested  mirror  near  of 
subreflector  support.  The  dynamic  range  of  measure¬ 
ment  was  near  of  70  dB.  High-resolution  90-cm  map  of 
mirror  distortions  was  restored  with  use  of  4  GHz  sat¬ 
ellites  signals.  A  surface  rms  deviation  was  near  of  2 
mm.  Rms  difference  of  the  maps  measured  under  iden¬ 
tical  external  conditions  was  about  0.1  mm.  A  stability 
of  surface  form  was  investigated  for  this  antenna  by 
means  of  comparison  of  surface  maps  measured  under 
different  external  conditions.  The  mirror  form  depend¬ 
ence  of  elevation  (gravity  deformations)  was  investi¬ 
gated  with  Cygnus-A  signal  at  different  source  eleva¬ 
tions. 

With  using  of  the  high-resolution  map  obtained,  a  par¬ 
tial  adjustment  of  mirror  surface  was  made  for  405 
points  with  displacement  more  than  2  mm.  Fig.  3  dem¬ 
onstrates  a  comparison  of  mirror  maps  measured  before 
and  after  partial  adjustment.  The  rms  surface  deviation 
has  made  after  adjustment  about  0.8  mm.  As  a  result  of 
this  the  antenna  efficiency  at  5-cm  band  was  increased 
from  0.51  to  0.65. 
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INTRODUCTION 

The  necessity  to  create  the  high  accurate  antenna  ty's- 
tems  for  radio  systems  and  complexes  [I]  requires  to 
provide  tliis  sphere  of  science  and  engineering  with  a 
high  accurate  phase-metering  equipment.  It's  used  to 
measure  phase  characteristics  of  units  and  blocks  of 
antenna  feeding  systems,  feeds,  and  antenna  in  the  full 
sense  [1-3],  and  to  receive  signals  (phase  radio  direc¬ 
tion  finders,  monopulse  radars),  and  to  control  the 
operation  (phase  antenna  arrays)  as  well.  Also  it's  used 
for  periodical  attestation  of  antenna  feeding  systems. 
The  accuracy  of  the  equipment  for  antenna  phase 
measurements  has  to  be  a  subject  of  the  requirements  of 
the  national  standards  [4,5].  These  requirements  are 
satisfied  by  methods  of  phase  measurements  and  ap¬ 
propriate  microwave  phase-meters. 

The  present  paper  shows  the  analysis  of  errors  of  the 
proposed  wide  band,  high  speed,  and  accurate  micro- 
wave  phase-meter  (below  -  a  phase-meter)  ant  its  pecu¬ 
liarities  with  respect  to  the  analogues.  As  a  prototype 
the  phase-meter  [6]  has  been  used.  The  block  diagram 
has  been  calculated  in  1991  for  the  Laboratory  of  An¬ 
tennas  Systems  and  Telecommunication  (headed  by  Dr. 
F.Dubrovka)  of  the  National  Technical  University  of 
Ukraine  “Kiev  Polytechnical  Institute”. 

BLOCK  DIAGRAM 

The  block  diagram  of  tlie  phase-meter  is  shown  in 
Fig.  1.  It  consists  of  a  directional  coupler  (DC),  trans¬ 
mission  line  (TL),  matched  load  (ML),  probes  (P), 
summer  (S),  detectors  (D),  differential  sections  (DS), 
and  computer  (C).  A  phase  shift  (FS)  (p  is  measured 
between  signals  a  and  e  with  amplitudes  A,  E  that  ar¬ 
rive  at  system  input. 


Fig.  1 


The  phase-meter  belongs  to  a  group  of  multi-probe 
phase-meters.  It  has  diversed  microwave  channels, 
signal  phasing  is  ensured  by  DC  and  diversing  the 
probes  along  TL  on  2/4  ,  where  2  -  wavelength  in  the 
middle  of  operational  frequency  band. 

The  peculiarity  of  the  method  of  measurements  consists 
in  the  following.  The  signals  are  propagating  along  TL 
as  travelling  waves.  The  phasing  is  ensured  by  DC  and 
probes  placing.  The  mixed  waves  are  formed  in  inter¬ 
probe  circuits.  Analysing  them  the  informational  volt¬ 
ages  are  formed 

Mi=A4£sincp,  U2-kAEcos<p,  (1) 

where  k-a  coefficient. 

From  (1)  we  pass  to 

uj  ^  tg(f>  or  1/4  =  ctgcp  (2) 

In  (2)  the  functions  are  sufficiently  non-linear.  Thus  we 
use  the  intervals  0...+  1  with  lesser  non-linearity  which 
permit  FS  measuring  over  the  range  of  a  natural  phase 
cycle  by  measuring  cycle  intervals  m90°  ±  45°,  where 
m  =  0;  1;  2;  3.  For  m  =  0;  2  the  expression  (2a)  is  used, 
and  for  m  =  1;  3  -  (2b).  These  measurements  are 
equivalent  to  each  other.  To  evaluate  an  indetermined 
form  the  sign  parameters  in  (1)  and  quantative  ones  in 
(2)  are  used. 

Let  consider  the  errors  being  characteristic  for  the  cir¬ 
cuit  with  diversed  channels. 

The  standard  deviation  caused  by  reflectivity  T  of  MLl, 
ML2,  and  ML3  can  be  determined  as 

A(pr«1.7r.  (3) 

For  r  =  0.01  doesn't  exceed  1°. 

The  standard  deviation  caused  by  isolation  I  between 
channels,  i.e.  in  DC,  can  be  determined  as 

A(p;«1.4/r.  (4) 

For  r  =  0.01  and  I  =  0.1. ..0.03  A(p]  doesn't  exceed 
0.09. ..0.03°.  In  inter-probe  circuits  better  isolation  can 
be  ensured  by  using  evanescent  waveguides  [7]  or  DC. 
The  latter  permits  to  improve  sensitivity  of  the  meas¬ 
urements. 

The  error  caused  by  signal  dephasing  in  DC  can  be 
determined  according  to 

Acpg  =  a/-c(g[sin(p  /  cos(cp  -  5)]  -  cp .  (5) 
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For  5  <  1  °  in  waveguide  frequency  band  error  (5)  does¬ 
n't  exceed  1°. 


The  error  caused  be  a  change  of  SG  in  directivity  G  of 
DC  can  be  computed  according  to 


Aeps^  =  arctg 

\ 


1+5G/G 


-1  tgcp 


-(p  . 


(6) 


For  AG/G-0.05  the  error  (6)  is  1.4°. 

The  analysis  of  the  errors  shows  that  the  phase-meter 
can  provide  a  high  accuracy  of  the  measurements  in  a 
wide  frequency  band. 


DEVELOPMENT  OF  THE  BLOCK  DIAGILAM 

Let  consider  two  ways  to  measure  FS  in  the  event  of 
number  of  probes  is  being  reduced.  Let  assume  that 
only  probes  1,  2,  5,  6  or  3,  4,  7,  8  are  used.  The  first 
way  consists  in  switching  signals  a,e.  Data  is  obtained 
during  three  cycles  of  measurements.  They  correspond 
to  tlie  inode  when:  both  switches  are  opened;  the  first 
one  is  opened,  the  second  -  closed;  the  first  one  is 
closed,  the  second  -  opened.  The  experimental  investi¬ 
gations  of  p-i-n-  and  mechanical  switches  have  been 
carried  out.  They  provided  signal  attenuation  50.. 70  dB 
in  a  closed  state,  and  have  loss  0.2. ..2  dB  depending  on 
a  switch  type.  Mechanical  switches  can  provide  the 
highest  (0.5°...1°)  identit>’  of  phase  characteristics.  A 
corresponding  error  can  be  commensurable  with  the 
ones  mentioned  above. 

The  second  way  requires  the  detectors  to  measure  sig¬ 
nal  amplitudes  to  be  placed  in  TL  1 ,  2  or  TL  2,  3,  4. 
For  both  methods  joint  data  processing  permit  the  volt¬ 
ages  (1)  to  be  obtained.  These  methods,  as  well  as 
method  based  on  transformation  (1),  allow  to  obtain  the 
nonnalized  value  (1) 

«3  =  sincp ,  M4  =  cosep  .  (7) 


CHARACTERISTIC  LINEARIZATION 

To  measure  quickly  changing  FS  it's  expedient  to  use 
functions  with  small  non-linearity.  In  [3]  it  has  been 
proposed  to  compensate  the  non-linearity  peculiar  to 
(2)  with  one  of  the  opposite  sign  taking  place  in  (7). 
The  corresponding  functions  are 

M5  =  tgcp  +  A  sincp  or  1/5  =  ctgcp  +  V  cos  cp ,  (8) 

where  N  ^  0  -  parameter  being,  according  to  a  physical 
sense,  a  gain.  If  the  components  in  (8)  to  represent  as 
trigonometric  series  and  to  compare  terms  with  corre¬ 
sponding  numbers,  it  can  be  noticed  that  the  weight  of 
the  second  (the  3^*^  order)  and  other  even  tenns  of  the 
functions  (3)  is  being  reduced  with  respect  to  (2).  Since 
tlie  parameter  N  is  a  varying  one,  then  it's  e.xpedient  to 
normalize  (8).  On  the  proper  intervals  of  the  scale 
using  of  characteristics  of  the  functions  (8a)  and  (8b)  is 
identical.  Thus  below  let  consider  only  function  (8a). 
The  nonnalized  voltage  (8a)  is 


W7  =  (tgep  +  V  sincp) /(V  +  1) .  (9) 

Its  non-linearity  with  respect  to  «  =  ^  is  determined  as 

^  =  100(/gcp-t-A'^sincp-(7/  +  l)cp)/(77-f-l)cp,  (10) 

which  is  a  trigonometric  series  without  a  linear  term. 

There  are  two  main  linearization  modes.  For  the  first 
one  parameter  N  has  been  fixed  before  measuring  and 
isn't  changed  during  measurements.  For  =  2  in  (8a) 
the  component  of  the  3"^  order  is  being  excluded;  prac¬ 
tically  tliere  is  no  non-linearity  on  the  scale  interval 
+5°,  and  on  the  interval  ±10°  it's  less  than  0.007%.  If 
it's  necessary  to  obtain  the  minimal  non-linearity  on  the 
interval  ±45°  then  N  «  2.6  is  being  chosen.  A  Table  1 
shows  the  calculation  results  for  tliis  interval  of  the 
scale.  It's  obvious  that  after  linearization  is  taken  place 
the  non-linearity  does  not  exceed  0.41  %,  and  there  is 
an  advantage  in  linearity  from  13  up  to  187  times  in 
compensation  with  (2a). 


Table  1 

Linearization  of  the  phase-meter  scale 


Non-linearity 
of  the  scale 

FS,  degrees 

10 

20 

30 

40 

45 

50 

0^ 

0 

11 

1.03 

4.27 

10.26 

20.19 

27.33 

36.56 

^01=2.61,  % 

-0.08 

-0.27 

-0.41 

-0.12 

0.39 

1.33 

^(N=0'/5fN=2.61 

13.05 

15.75 

25.3 

187 

69.8 

28.43 

The  second  mode  consists  in  changing  the  parameter  N 
dnring  measurements.  For  the  ideal  case  (^  =  0),  from 
(10)  the  followng  expression  can  be  obtained 


A^O  =  (9  -  /(sin9  -  <P)  •  (11) 


A  Table  2  shows  No  for  the  interval  of  scale  0.  ..±89°. 
Table  2 

_ Requirements  for  Np _ _ 


FS,  deg. 

10 

20 

30 

40 

50 

No 

2.03 

2.12 

2.28 

2.55 

2.99 

FS,  deg. 

60 

70 

80 

89 

No 

3.78 

5.41 

10.39 

100.7 

On  the  intervals  ±50°  it's  required  to  change  No  in 
range  of  3  dB,  i.e.  very  small  variations  of  the  parame¬ 
ter  ensure  the  full  linearization  of  the  characteristic. 
The  scale  intervals  can  be  expanded  by  changing  the 
parameter  on  34  dB.  This  value  can  be  easily  realized. 

The  obtained  results  are  true  for;  1)  tlie  function  (8b); 
2)  normalization  with  respect  to  the  straight  lines  with 
greater  rate  of  change,  i.e.  u=2(p  and  u=3<p.  This  per¬ 
mits  the  sensitivity  of  measurements  to  be  increased. 
The  linearization  of  the  scale  provides  improvement  of 
resolution  and  accuracy  of  FS  measurements  in  a  real 
time,  permits  to  expand  scale  intervals  in  comparison 
with  (2). 

CLASSIFICATION 

A  classification  makes  it  possible  to  place  the  described 
phase-meter  in  a  group  of  multi-probe  phase  meters, 
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and  to  place  the  latter  among  other  groups  of  micro- 
wave  phase-meters.  To  carry  out  the  classification  it's 
expedient  to  use  generalized  signs.  S  the  first  one  it's 
expedient  to  consider  the  presence  of  frequency  conver¬ 
sion  and  intermediate  frequency  (IF)  value.  For  such 
approach  phase-meters  can  be  divided  into  ones  vrith  IF 
greater  than  signal  frequency  and  those  with  IF  less 
than  signal  frequency.  The  second  group  is  more  wide 
spread  one.  As  to  criteria  of  IF  value  phase-meters 
belonging  to  tlus  group  can  be  divided  into  ones  with 
IF  >  0  and  IF  =  0.  The  first  variant  is  ensured  by  ap¬ 
plying  modulation  or  heterodyning.  In  modulation 
phase-meters  converting  on  IF  is  carried  out  by  various 
types  of  modulation  of  one  or  two  signals.  These  phase¬ 


meters  are  divided  into  two  groups;  with  and  without 
filtration  of  composite  signal.  Let  note  that  for  some 
modulation  phase-meters  the  data  about  FS  is  in  IF 
voltages,  amplitudes  of  which  are  (1).  For  them  the 
proposed  methods  to  linearize  characteristics  can  be 
used.  In  microwave  phase-meters  with  heterodyning 
double  heterodyning  as  well  as  single  and  multiple  ones 
are  used. 

The  realization  of  the  second  variant  is  provided  with¬ 
out  auxiliary  signals.  As  a  reference  signal  one  of  the 
signals  is  used.  The  multi-probe  phase-meters  belong  to 
this  group.  Their  classification  is  shown  in  Table  3. 


Table  3 

Classification  of  multi-probe  phase-meters 


Signs,  characteristics 

Realization  of  signs  and  characteristics 

Peculiarities  of  methods  of  measurements 

Providing  travelling  wave  (TW)  mode  of  the  signals,  their  mutual  phasing,  form¬ 
ing  and  analysis  of  mixed  waves  (MW) 

Variants  of  method  realization 

Joined  channels  (one  TL),  probes  and  detectors  of  MW;  joined  chaimels  (two  TL) 
DC,  splitter,  MW  probes  and  detectors;  diversed  chaimels  (two  TL),  TW  probes, 
MW  probes  and  detectors;  diversed  channels  (three  TL),  DC,  TW  probes,  MW 
probes  and  detectors 

Waves 

TW,  MW 

Place  of  fonning 

TW 

TL 

MW 

TL,  inter-probe  circuits 

Number  of  TW  probes 

No;  eight 

Number  of  MW  probes  and  detectors 

Four;  two  (in  a  combination  with  switches  or  amplitude  detectors) 

Number  of  TW  amplitude  probes  and 
detectors 

Two;  tliree 

TW  switching 

No;  yes 

Probes  characteristic 

Electrical;  magnetic 

Probes  placement  in  TL 

Diversed  along  TL  (electrical,  magnetic);  in  section  of  TL  (magnetic) 

Dependence  of  results  on  probe  angle 

Invariant  to  the  angle  (electrical);  dependent  on  angle  (magnetic) 

Phasing  90° 

DC;  diversing  electrical  probes;  rotation  and  diversing  magnetic  probes 

Phasing  0°,  180° 

Splitter,  double  DC;  diversing  electrical  probes  along  TL;  diversing  magnetic 
probes  or/and  their  rotation 

Infomrational  voltages  processing 

Analogous;  digital 

Peculiarity  of  linearization 

Non-linearity  (2)  is  compensated  by  one  of  the  opposite  sign  (7) 

Application  of  linearization 

No;  yes 

FS  indication 

Analogous  (cathode-ray  tube,  pointer  display);  digital  (indicator,  matrix) 

CONCLUSION 

The  microwave  phase-meter  based  on  DC  with  diversed 
channels  has  been  proposed  and  analysed.  It  preserves 
the  advantages  of  the  prototype  -  wide  band  and  quick 
response.  Due  to  its  distinguished  peculiarities  and 
partially  or  fiill  linearization  of  characteristic  it  pennits 
to  reduce  errors  of  measurements  up  to  1..3°. 

The  system  of  criteria,  which  include  the  ones  describ¬ 
ing  the  considered  phase-meter,  has  been  formulated. 
On  their  basis  the  classification  of  microwave  phase¬ 
meters  with  respect  to  IF  has  been  carried  out.  It  shows 
that  multi-probe  phase-meters  belong  to  the  group  of 
phase-meters  with  zero  IF.  The  classification  of  multi¬ 
probe  phase-meters  showing  the  place  of  the  proposed 
one  is  presented.  The  multi-probe  phase-meters  can 
serve  as  a  basis  for  the  further  development  of 


waveguide  detecting  devices  of  modulation  phase¬ 
meters  that  expands  the  sphere  of  their  application. 
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The  development  and  application  of  phased  antenna 
arrays  (PAA)  require  a  lot  of  types  of  phase  character¬ 
istics  to  be  measured.  As  a  rule  large  PAA  consists  of 
Utousands  and  ten  thousands  of  modules.  For  them 
phase  characteristics  measurements  distinguish  by  their 
mass  character.  To  cany  put  tliese  measurements  a  lot 
of  phase  meters  arc  used.  They  belongs  to  PAA,  be¬ 
cause  depending  of  their  purpose,  they  are  he  part  of 
PAA  as  its  units  or  (and)  devices  of  PAA  complex. 

One  of  the  main  characteristics  of  PAA  is  a  word 
length  of  phase  meters  of  its  modules  or  PAA  word 
length.  It  is  expedient  to  use  this  characteristic  to 
evaluate  the  requirements  to  the  accuracy  of  PAA  phase 
meters.  As  it  is  known  a  discrete  level  of  phase  shift 
variation  in  a  phase  rotator  of  PAA.  module  is 


and  maximal  value  of  phase  shift  setting  error  is 


A(p,« 


(2) 


where  p  -  a  phase  meter  word  length. 

To  ensure  the  reliability  of  phase  shift  measurements  it 
is  necessary  to  set  more  strict  requirements  to  PAA 
phase  meter  with  respect  to  (2).  For  this  purpose  in  (2) 
it  is  necessary  to  add  a  coefficient  q  >  \.  Then,  the 
fonnula  pennitting  to  evaluate  the  requirements  to 
PAA  phase  meter  accuracy  will  be  the  following 


A(p,„,  =  ± 


q 


(3) 


Also  it  is  expedient  to  take  into  account  the  peculiari¬ 
ties  of  error  adding  for  units  being  connected  across 
FAR  circuits.  For  example,  in  modules  a  branch  of  a 
splitter,  a  phase  rotator,  a  matching  element  and  an 
antenna  radiator  are  connected  in  series;  a  frequency 
converter  can  be  also  included  into  a  module. 


There  arc  several  possible  variants  of  modules  match¬ 
ing;  each  of  its  devices  are  matched  separately,  ac¬ 
cording  to  groups  or  module  in  whole.  The  peculiarities 
in  (3)  can  be  taken  into  account  with  a  coefficient  of  a 
number  of  measured  objects  «  >  1 .  The  requirements  to 
the  PAA  phase  meter  accuracy  can  be  determined  as 


A(p„„  =  ± 


nq 


(4) 


For  estimation  calculations  let's  q  =  2,n  =  \  (module  is 
matched  in  a  whole).  Then 

■  (5) 

D 

The  calculated  requirements  to  the  accuracy  of  phase 
shift  setting  in  modules  and  results  of  measurements 
with  the  help  of  PAA  phase  meters  (5)  is  shown  in 
Table  1. 


Table  1 


p,  bit 

2 

3 

4 

5 

6 

2^ 

4 

8 

16 

32 

64 

A,  deg. 

90 

45 

22.5 

11.2 

5.6 

Aep™,  deg. 

45 

22.5 

11.2 

5.6 

2.8 

Acpm,  deg. 

15 

7.5 

3.7 

1.9 

0.9 

p,  bit 

7 

8 

9 

10 

2” 

128 

256 

512 

1024 

A,  deg. 

2.8 

1.4 

0.7 

0.35 

Atp™,  deg. 

1.4 

0.7 

0.35 

0.18 

Acpm,  deg. 

0.5 

0.2 

0.12 

0.06 

For  many  practical  cases  PAA  are  realized  with  word 
length  p  =  2,  A,  5.  For  such  PAA  the  requirements  to 
the  phase  meters  accuracy  can  be  easily  satisfied.  PAA 
with  /)  =  6  are  used  as  well.  In  literature  there  are  the 
recommendations  about  purposefulness  or  using  PAA 
with  /?  =  7,  8  in  scientific  experiments.  The  require¬ 
ments  to  phase  meters  of  these  PAA  are  more  difficult 
to  realize.  The  calculations  carried  out  for  PAA  with 
p  =  9,  10  shows  a  possible  perspective  concerning  the 
requirements  the  accuracy  of  PAA  phase  meters.  For 
«  >  2  the  requirement  (4)  to  the  accuracy  of  PAA 
phase-meters  become  essentially  more  strict. 
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One  of  the  main  problems  of  experimental  ballistics  is 
tlie  problem  of  measuring  projectile  movement  pa¬ 
rameters  (PMP)  (movement,  velocity,  and  acceleration) 
at  the  time  of  shooting  [1-4].  In  so  doing  the  developers 
of  artillery  systems  and  ammunition  are  mostly  inter¬ 
ested  in  the  functional  time  dependence  of  kinematic 
parameters  measured  at  separate  sections  of  the  trajec¬ 
tory  and  not  their  individual  values,  only  in  this  case  it 
is  possible  to  get  tire  complet  analysis  of  the  ammuni¬ 
tion  behavior  at  the  time  of  shooting  and  to  find  out  the 
reasons  of  a  non-standard  functioning  emerges.  The 
problem  of  continuous  measuring  projectile  movement 
parameters  from  the  starting  point  of  the  projectile 
movements  in  the  barrel  and  further  on  the  trajectory 
has  not  been  solved  to  date.  Therefore  the  investiga¬ 
tions  carried  out  in  this  direction  is  aimed  at  solving 
tliree  independent  problems: 

1.  Measuring  PMP  at  the  internal  ballistic  stage  of 
shooting  (the  projectile  movement  in  the  bore  of  an 
artillery  system  barrel). 

2.  Measuring  PMP  at  intermediate  ballistics  stage 
(from  the  moment  when  the  projectile  leaves  the 
bore  of  a  barrel  till  the  moment  when  powder  gases 
stop  affecting  the  projectile). 

3.  Measuring  PMP  on  the  external  ballistic  trajectory. 

In  the  practice  of  proving  ground  tests  microwave  CW 
radars  are  used  for  solving  these  problems.  Their  appli¬ 
cation  is  based  on  the  fact  that  the  phase  of  a  radar 
signal  (RS)  emitted  in  the  radar  mixing  section,  when 
comparing  an  electromagnetic  wave  (EW)  reflected 
from  a  moving  target  and  a  reference  EW,  are  com¬ 
pared  is  detennined  by  its  movement,  and  the  frequency 
is  determined  by  velocity.  The  analysis  of  their  change 
with  time  makes  it  possible  to  detennine  PMP. 

In  order  to  measure  PMP  at  the  internal  ballistic  stage 
of  shooting  a  radar  measuring  system  “Ariel-7”  is  used 
[7].  The  system  consists  of  a  radar,  RS  amplifying  and 
filtering  units,  an  analog-digital  converter,  a  personal 
computer  (PC).  A  horn-lens  has  the  following  perform¬ 
ance  data;  the  lens  diameter  is  equal  to  30  cm,  the 
beamwidth  is  equal  to  2x2°,  the  radar  operating  fre¬ 
quency  is  equal  to  10.5  GHz,  33.0  GHz,  the  radiated 
power  is  equal  to  20  mW,  the  power  gain  is  equal  to 


36  dB.  An  electromagnetic  wave  is  directed  into  the 
barrel  by  neans  of  metal  reflector  fixed  at  the  barrel  at  a 
distance  of  1-^-2  m  from  the  front  side  of  the  barrel. 
Short  duration  of  the  process  under  study  («5-^20  msec) 
allows  us  to  digitize  the  analog  radar  signal  and  to 
transfer  the  digitized  values  of  the  signal  amplitude  to 
PC  for  further  processing.  If  we  use  the  known  RS 
phase-to-movement  (frequency-to-velocity)  ratio  [1]  the 
time  dependence  of  instantaneous  radar  signal  values 
u(t)  can  be  described  in  the  most  general  form  using 


u(t)  =  A(t)sinf^x(t)+9(t)l  +  ^(t)  = 


=  A(t)sid 


^lv(x)dT  +  9{t) 
0 


(1) 


where  x(t),  v(t)  are  the  functions  describing  time  de¬ 
pendencies  of  file  projectile  movement  and  the  projec¬ 
tile  velocity  respectively;  A(t)  is  the  function  describing 
the  RS  signal  amplitude  modulation  (AM  appears  due 
to  the  barrel  recoil  at  the  time  of  shooting  and  due  to 
the  gunpowder  gases  breaking  into  the  space  ahead  of 
the  projectile),  6>(t)  is  a  phase  noise,  4(t)  —  is  an  addi¬ 
tive  noise.  Studying  the  causes  of  the  phase  noise  we 
have  readed  to  a  conclusion  that  when  there  are  no 
gunpowder  gases  in  the  space  ahead  of  tlie  projectile 
the  phase  noise  value  is  so  insignificant  that  it  can  be 
neglected  [3-5].  If  the  gunpowder  gases  break  through, 
either  EM  waves  are  fully  attenuated  ahead  of  the  pro¬ 
jectile  in  the  gas  lock  which  is  a  low-temperature 
plasma  or  phase  and  amplitude  distortions  of  the  signal 
are  so  significant  that  the  RS  processing  is  impossible. 
It  permits  us  to  consider  a  simpler  signal  model  without 
considering  the  phase  noise.  It  should  be  also  noted  that 
tlie  energy  of  the  additive  noise  is  not  great  in  the  case 
when  the  gunpowder  break  through.  Under  these  con¬ 
ditions  the  signal-to-noise  amplitude  ratio  is  typically 
equal  to  7.5-10  dB. 

Thus  in  order  to  estimate  the  PMP  (movement,  velocity 
and  acceleration)  it  is  necessary  to  determine  the  the 
phase  or  frequency  time  dependence  on  the  basis  of  can 
be  reduced  instantaneous  signal  values.  From  expres¬ 
sion  (1)  one  cab  see  that  the  problem  of  finding  the 
function  f(t)  to  tlie  problem  of  signal  parameter  estima- 
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tion  and  noise  filtering  [6],  which  is  well  known  in 
statistical  radio  engineering.  Different  statistical  meth¬ 
ods  are  developed  for  solving  such  problems,  they  make 
it  possible  to  synthesize  optimal  and  asymptotically 
optimal  algorithms  of  signal  parameters  estimating  [7], 
However,  the  RS  which  we  considered  by  us  and  the 
problem  of  its  parameters  estimating  are  not  typical  for 
the  “classical”  radar,  since  we  have  to  estimate  the 
parameters  of  the  signal  whose  frequency  varies  from 
0  Hz  to  1004-300  KHz  by  a  non-linear  law  during 
alO  msec  at  the  shooting  time,  and  our  task  is  to  use 
one  signal  only.  The  indicated  reasons  despute  for  the 
applicability  of  the  well-know  signal  processing  algo- 
ritlims  for  solving  the  formulated  problem,  and  these 
reasons  determine  the  necessity  of  developing  some 
new  RS  processing  algorithms  which  do  not  use  statis¬ 
tical  methods.  However,  if  we  do  not  apply  statistical 
methods  of  estimating  it  will  be  impossible  to  prove 
rigorously  that  these  algorithms  are  optimal.  So  in 
order  to  prove  the  applicability  of  the  processing  algo¬ 
rithms  and  to  estimate  their  accuracy  it  is  quite  natural 
to  use  an  approach  which  is  based  on  the  processing  of 
signals  with  the  known  time  and  frequency  responses. 
Since  there  are  no  analog  frequency-modulated  signals 
whose  frequencies  vaiy'  like  the  obtained  RS  signal  if 
tlie  problems  of  measuring  PMP  in  the  barrel  has  been 
solved,  the  RS  model  has  been  developed  in  [8|.  The 
model  developed  allowed  it  possible  to  develop  and 
estimate  frequency  and  time  responses  of  the  RS  whose 
results  were  used  the  processing  algorithms  and  to 
estimate  their  accuracy  [9].  It  has  been  found  out  that 
the  least  error  of  the  PMP  measuring  was  proMded  by 
an  algorithm  based  on  the  concept  of  “the  instant  fre¬ 
quency  of  an  analytical  signal”  [10]  (the  mea.sured 
movement  values  exhibit  the  following  errors;  in  the 
velocity  range  04-30  m/sec  -  2.5%,  304-50  m/sec  - 
0.28%,  504-100  m/sec  -  0.1%,  >  100  m/sec  -  0.02%, 
and  the  measured  velocity  values  exliibit  the  following 
errors:  in  the  velocity  range  04-30  m/sec  -  15%, 
30-50  m/sec  —  1.4%,  SlOO  in/sec  -  0.1%). 

PMP  measuring  on  the  external  ballistic  trajectory  is 
performed  by  a  radar  station  “Luch-83”  [11].  The  radar 
station  consists  of  a  radar,  an  analog  tracking  filter  and 
an  RS  processing  unit.  The  performance  data  of  the 
radar  antenna  (of  revoloution  paraboloid)  are  tlie  fol¬ 
lowing:  the  reflecting  surface  diameter  is  equal  to  1  m, 
tlie  bcamwidth  is  equal  to  2x2°,  the  radar  operating 
frequency  is  equal  to  10.5  GHz,  the  radiated  power  is 
equal  to  600  mW,  the  power  gain  is  equal  to  36  dB. 
The  external  ballistic  radar  system  “Luch-83”  is  based 
on  the  signal  analysis  method  depending  on  measuring 
time  intervals,  which  corresponds  to  the  passage  of  the 
measure  base  of  a  certain  length.  Since  one  period  of 
RS  corresponds  to  the  projectile  movement  by  X/2  (X  is 
the  length  of  the  probing  electromagnetic  wave),  the 
number  of  RS  periods  counted  by  the  number  of  pas¬ 
sages  of  the  signal  tlirough  the  zero  level  in  the  proc¬ 


essing  unit  is  a  measure  of  the  distance  covered  by  the 
projectile.  Timing  of  the  passages  through  the  measur¬ 
ing  base  allows  to  form  a  table  time  dependence  of  the 
projectile  movement  and  to  determine  the  velocity  and 
the  function  of  the  projectile  head  resistance  further 
differentiation  and  the  least-squares  smoothing. 

We  conclude  that  the  method  of  RS  analysis  realized  in 
the  exiemal  ballistic  stations  has  several  obvious  draw¬ 
backs,  the  main  ones  are  the  following:  1)  impossibility 
of  determining  the  values  of  kinematic  characteristics 
inside  the  measuring  base;  2)  piecewise  approximation 
of  the  projectile  movement  law  (it  means  the  equality  of 
the  value  of  the  projectile  average  velocity  on  the  meas¬ 
uring  base  and  the  value  of  die  real  velocity  which  is 
correct  when  the  base  length  is  shorter  than  1  m  only); 
3)  impossibility  of  selecting  multiple  targets  (which  is 
quite  actual  in  measuring  kinematic  characteristics  of 
rocket  launcher  projectiles  and  separating  ammuni¬ 
tion);  4)  impossibility  of  using  up-to-date  methods  of 
signal  processing. 


OX)  0j6  1.1  i,  msec 


Fig.  1.  The  dependency  of  the  APHCP  components 
velocity  on  the  external  ballistic  trajectory.  (The  digital 
processing  method:  1  —  the  core,  3,4  -  the  sectors;  the 
number  of  RS  periods  counting  method:  2  -  the  core) 

In  order  to  get  rid  of  the  above-listed  drawbacks  we 
suggeste  to  registere  the  signals  in  a  digital  form  and 
to  apply  the  method  of  instant  spectrum  RS  processing 
[12].  The  proofs  that  the  RS  digital  registration  and 
that  the  new  RS  processing  methods  work  were  ob¬ 
tained  we  have  measure  the  movement  parameters  of 
an  annour-piercing  hard-core  projectile  (APHCP)  for  a 
tank  cannon  D-81  (caliber  125  mm).  This  choice  was 
determined  by  the  following  circumstances:  1)  by  the 
practical  coincidence  of  the  projectile  trajectory  velocity 
and  the  projectile  radial  velocity,  and  the  relatively 
short  flight  time  (»1.2  sec);  2)  by  the  presence  of  the 
APHCP  sectors  besides  the  core  in  the  radar  pattern 
(namely  RS  is  analogous  to  the  signal  received  in  the 
case  of  measuring  movement  parameters  of  multiple 
targets).  The  results  of  the  RS  processing  are  presented 
in  Fig.  1.  Analysis  of  the  presented  results  shows: 

1.  The  projectile  movements  velocity  measuring  in 
the  case  of  digital  registration  and  RS  processing 
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starts  at  more  high  movement  velocities  (that  is 
nearer  to  the  front  side  of  the  barrel)  - 
1767.4  m/sec,  as  it  using  when  a  standard  registra¬ 
tion  method  1725.0  m/sec. 

2.  The  projectile  tracking  is  carried  out  up  to  the 
velocities  1350  m/sec  (1489  m/sec  -  in  the  case  of 
a  standard  registration  method). 

The  efficiency  of  the  digital  registration  and  RS  proc¬ 
essing  have  been  confinned  when  the  movement  pa¬ 
rameters  of  other  types  of  ammunition  were  measured, 
and  in  particular  when  of  high-e.xplosive  projectiles  and 
passive  and  active  rockets  were  used. 

In  order  to  carry  out  continuous  measuring  of  the  pro¬ 
jectile  movement  parameters  at  the  initial  stage  of 
shooting  (the  PMP  measuring  in  the  barrel  and  in  the 
aftereffect  period)  we  proposed  a  measuring  technique 
which  is  a  combination  of  the  above-described  radar 
measuring  methods  [13].  The  standard  radar  applied  to 
used  in  the  PMP  measuring  in  the  barrel  was  replaced 
by  tlie  radar  which  is  a  part  of  an  external  ballistic 
radar  station.  A  metal  screen  3x3  m  was  used  as  a 
metal  reflector  directing  the  wave  into  the  barrel.  The 
distance  from  the  front  side  of  the  barrel  to  tlie  screen 
was  50-70  m,  from  the  radar  to  the  screen  »  8-10  m. 
An  algorithm  based  on  the  property  of  the  RS  instant 
spectrum  was  used  for  the  RS  processing.  The  algo¬ 
rithm  development  of  an  RS  proceeding  and  the  error 
estimation  have  been  carried  out  in  [14].  For  the  first 
time  in  the  practice  of  experimental  ballistics,  the  use 
of  this  measuring  technique  allowed  to  pursue: 

•  an  investigation  of  characteristic  movement  prop¬ 
erties  of  the  projectiles  with  separating  and  non¬ 
separating  parts  at  the  intennediate  ballistics  stage 
and  to  establish  the  dependence  of  the  aftereffect 
period  length  and  the  velocity  increment  value  of 
the  projectile  after  its  leaving  tlie  bore  of  a  barrel 
on  the  mass  of  the  powder  charge  for  different 
types  of  projectiles  [15]. 

•  an  investigation  of  the  APHCP  component  parts 
movement  on  the  initial  section  of  the  external 
ballistic  trajectory  and  to  time  determine  the  de¬ 
pendence  of  the  projectile  movement  kinematic 
characteristics  at  the  initial  of  shooting  (move¬ 
ment,  velocity)  and  the  movement  dependence 
(velocity),  and  also  to  obtain  the  estimates  of  the 
parameters  characterizing  the  properties  of  the 
projectile  movement  at  the  initial  stage  of  shooting: 
the  time  of  the  projectile  movement  in  the  barrel, 
the  front  side  velocity,  the  maximum  projectile 
velocity  at  the  time  of  shooting,  the  aftereffect  pe¬ 
riod  length,  the  time  from  the  moment  the  projec¬ 
tile  leaves  tlte  bore  of  a  barrel  up  to  the  moment  of 
its  separating  into  component  parts,  tlie  corre¬ 
sponding  trajectory  section  length  [16]. 
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The  paper  being  of  a  review  nature  considers  a  complex 
of  problems  connected  with  tlie  influence  of  random 
errors  in  the  near  field  measurements  on  the  antenna 
characteristics  restoration  precision. 

It  should  be  noted  that  in  the  general  case  the  errors  of 
the  antenna  parameters  definition  (restoration)  by  the 
field  measurements  in  the  near  zone  can  be  divided  into 
tlirec  groups:  methodical,  instrumental  and  processing 
errors.  One  can  single  out  systematic  and  random  ones 
in  every  group. 

Methodical  and  processing  errors  will  not  exceed  ad¬ 
missible  values  with  a  correct  choice  of  measurement 
conditions  (the  domain  size  and  measurement  step). 
Then  the  instrumental  errors  will  maiiil}’  influence  on 
the  radiation  pattern  (RP)  restoration  accuracy. 

Practically  all  elements  involved  in  the  process  of  tire 
near  field  measurement,  i.e.  generators,  antenna  signal 
and  reference  signal  transmission  lines,  amplitude- 
phase  meters,  mechanisms  realizing  mutual  movement 
of  the  probe  and  the  antenna,  extraneous  radiation 
sources,  ambient  objects  etc.,  are  the  sources  of  the 
instrumental  errors. 

Selecting  the  measuring  circuit  elements  with  appro¬ 
priate  characteristics  it  is  possible  to  ensure  negligible 
small  values  of  the  systematic  errors. 

We  have  a  completely  different  situation  in  the  case  of 
measurements'  random  errors.  The  possibilities  to  de¬ 
crease  them  are  limited. 

Therefore  the  analysis  of  influence  of  the  measure¬ 
ments’  random  errors  in  the  near  zone  on  the  antenna 
parameters  restoration  errors  is  a  highly  important 
problem.  The  statistical  antenna  theory  [1,2]  provides 
the  foundation  for  similar  investigations. 

Using  this  theory  it  is  possible  to  estimate  the  potential 
of  the  available  equipment  for  the  antenna  parameters 
restoration  when  measuring  the  field  in  the  near  zone, 
advisable  fields  of  its  application,  to  fonnulate  re¬ 
quirements  to  the  equipment  for  the  near  field  meas¬ 
urements  of  the  antennas  under  investigation  and  rec¬ 
ommendations  how  to  decrease  the  errors  in  the  near 
zone  methods. 


The  paper  presents  the  foundations  of  tlie  statistical 
theory  of  antenna  measurements  (ST AM)  which  can  be 
regarded  as  one  of  the  general  statistical  antenna  theory 
(SAT)  aspects. 

The  STAM  problems  classification  is  considered  and 
the  tests  of  proximity  of  the  restored  RP  and  the  true 
one  are  introduced. 

It  is  noted  that  in  accordance  with  the  aims  of  the  an- 
tetuia  measurements,  the  chosen  method  of  these  meas¬ 
urements,  the  equipment  being  used  (in  particular, 
whether  it  is  an  autonomous  one  or  it  is  an  element  of  a 
device),  time  allotted  for  measurements,  whether  the 
measurements  are  being  carried  out  during  the  antenna 
development  or  in  the  process  of  its  operation  etc.,  the 
problems  of  antenna  measurements  can  be  formulated 
in  a  variety  of  fashions.  Nevertheless,  it  is  convenient  to 
divide  all  these  problems  into  two  groups  depending  on 
whether  we  have  to  deal  with  the  application  of  the 
available  measuring  equipment  with  known  precision 
characteristics  or  these  equipment  should  be  developed. 
These  groups  of  problems  represent  direct  and  inverse 
ones  of  the  statistical  theory  of  antenna  measurements 
(STAM)  [2]. 

The  direct  STAM  problem  is  aimed  at  defining  the 
available  equipment  capability  to  measure  one  or  an¬ 
other  antenna  parameters,  i.e.  to  define  the  area  of  the 
available  equipment  application. 

The  goal  of  the  inverse  STAM  problem  is  defining  the 
ways  of  creating  the  measuring  equipment  (with  one  or 
another  measurement  method)  allowing  to  measure  the 
desired  antenna  parameters  with  a  given  precision. 

Both  the  direct  and  the  inverse  STAM  problems  can  be 
divided  into  the  internal  and  external  problems. 

The  direct  internal  STAM  problem  consists  in  deter¬ 
mining  sources  (mechanisms)  of  random  errors  of  the 
field  measurements  in  the  near  zone,  inherent  in  the 
method  being  studied  and  the  equipment  being  used, 
and  in  estimating  these  errors  statistics,  i.e.  in  finding 
their  correlation  functions  or,  as  a  minimum,  errors' 
dispersions  and  correlation  radii. 

Random  errors  of  the  measuring  equipment  can  be 
found,  in  particular,  comparing  the  results  of  field 
measurements,  obtained  with  this  equipment,  with  the 
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results  of  the  same  field  measurements,  obtained  with 
tlie  high-precise  equipment.  One  can  also  use  a  cali¬ 
brated  field  for  these  purposes. 

The  direct  external  ST AM  problem  is  being  formulated 
as  follows:  there  are  the  measuring  means  with  the 
known  (found  as  a  result  of  the  internal  problem  solu¬ 
tion)  errors  characteristics,  it  is  necessary  to  define 
what  type  of  the  RP  and  in  what  angles  sector  one  can 
measure  (restore)  it  with  the  given  precision  using  the 
measuring  means  data. 

The  inverse  external  ST  AM  problem  consists  in  finding 
the  measuring  equipment  tolerated  errors  allowing  to 
ensure  tlie  given  precision  of  the  antenna  characteris¬ 
tics  restoration  in  a  definite  angular  sector.  The  given 
problem  should  be  solved  for  a  set  of  typical  nominal 
(non-disturbed)  amplitude-phase  distributions  (APD) 
which  are  assumed  to  be  know'n  wiien  developing  the 
equipment. 

The  inverse  internal  ST AM  problem  consists  in  pro¬ 
viding  the  equipment  being  developed  with  the  total 
measurement  errors  non-exceeding  the  admissible  ones 
(found  as  a  result  of  the  inverse  external  problem). 

It  should  be  noted  that  when  solving  the  inverse  exter¬ 
nal  problem  it  is  necessary  to  be  aware  of  the  following. 

Any  measuring  circuit  has  a  number  of  mechanisms  of 
amplitude  and  phase  errors  in  near  field  measuring. 
Amplitude  and  phase  errors  exert  different  action  on 
the  antenna  parameters.  Furthermore,  every  of  the 
mechanisms  is  characterized  by  its  own  errors'  disper¬ 
sions  and  correlation  radii.  With  the  given  errors  dis¬ 
persion  their  action  on  the  antenna  characteristics  de¬ 
pends  significantly  on  their  correlation  radius  value. 
That  is  why,  when  solving  the  inverse  internal  problem, 
it  is  necessary  to  determine  the  range  of  tolerable  values 
of  dispersion  and  correlation  radii  of  the  amplitude  and 
phase  errors  Koi  where  the  given  precision  in  definition 
of  the  antenna  desired  characteristics  is  ensured. 
Knowing  this  range  and  taking  into  account  that  differ¬ 
ent  mechanisms  of  errors  bring  different  contribution 
into  statistical  characteristics  of  the  RP  being  restored 
and  tlie  "action"  on  every  of  the  mechanisms  (tlieir 
controlling)  is  achieved  by  various  ways,  one  should 
formulate  appropriate  requirements  for  the  concrete 
elements  of  the  measuring  circuit. 

In  the  general  case  the  inverse  ST  AM  problem  solution 
in  the  above  statement  present  great  difficulties.  At 
present  to  solve  the  inverse  external  problems  a  simpli¬ 
fied  approach  based  on  a  set  of  results  of  the  direct 
external  ST  AM  problems  solution  with  a  partial  "a 
priori"  infonnation  on  the  statistics  of  the  equipment 
being  developed  (correlation  coefficients  form,  relations 
of  errors'  dispersions  and  correlation  radii  for  different 
mechanisms  of  tlieir  origin)  is  commonly  used. 


The  question  of  the  restored  and  the  true  RP  "proximity 
criterion"  is  significant  when  solving  the  direct  and 
inverse  ST  AM  problems. 

When  choosing  the  "proximity  criterion"  the  following 
approaches  are  typical  ones; 

-  comparison  of  the  true  and  restored  mean  power  RP 

[3]; 

-  comparison  of  the  true  amplitude  RP  and  the  possible 
scattering  of  the  restored  RP  in  separate  angular  direc¬ 
tions  ("local"  criterion)  [4]; 

-  comparison  of  the  true  amplitude  RP  and  the  possible 
scattering  of  the  restored  RP  as  a  function  in  a  definite 
angular  sector  ("integral"  criterion)  [5], 

Depending  on  the  chosen  proximity  criterion  the  direct 
and  inverse  ST  AM  problems  are  fonnulated  in  a  differ¬ 
ent  manner. 

When  applying  the  first  approach,  the  direct  external 
ST  AM  problem  consists  in  defining  to  what  extent  the 
true  power  RP  (its  envelope)  will  differ  from  the  re¬ 
stored  mean  power  RP  when  using  the  given  equip¬ 
ment.  In  tliis  case  the  inverse  external  problem  consists 
in  formulating  requirements  to  precision  of  the  equip¬ 
ment  being  developed,  the  restored  mean  power  RP  is 
sufficiently  close  to  the  true  one  if  these  requirements 
are  met.  An  obvious  shortage  of  the  first  criterion  con¬ 
sists  in  tlie  necessity  to  find  the  mean  RP,  i.e.  a  tong 
time  of  the  RP  measuring.  Often  there  is  no  this  time 
and  the  judgment  on  the  true  RP  should  be  formed  on 
the  basis  of  the  examination  of  one  (or  several)  of  tlie 
restored  RP  realizations.  In  this  case  one  should  follow 
the  local  or  integral  criteria. 

The  local  criterion  of  proximity  in  the  direct  external 
STAM  problem  solution  is  the  probability  that  in 
one  or  another  angular  direction  ig*  the  true  value  of 
the  amplitude  RP  is  in  the  given  confidence  interval 
relative  to  the  restored  (with  the  available  equipment) 
RP  value  P(vj;y.  The  inverse  external  STAM  problem, 
when  using  the  local  criterion  of  proximity,  consists  in 
formulating  such  requirements  to  the  equipment  that  in 
meeting  them  in  a  definite  angular  direction  vg*  the 
difference  of  the  restored  PR  P(Vij  from  its  true  value 
/?o(Va)  with  the  given  probability  Py  is  in  the  given 
limits.  The  direction  corresponding  to  the  maximum  of 
Jt-th  side  lobe  is  more  often  chosen  as  vgt  direction. 
Application  of  the  local  criterion  is  a  step  forward  as 
compared  to  the  one  using  the  mean  power  RP,  since 
here  the  true  RP  is  evaluated  to  a  certain  extent  by  its 
separate  realization. 

A  shortage  of  the  local  criterion  consists  in  tlie  fact  that 
the  true  RP  is  estimated  only  in  separate  directions. 

The  integral  criterion  of  proximity  enables  to  conclude 
about  the  true  RP  in  the  whole  angular  sector,  when 
analysing  a  separate  restored  RP  realization.  In  this 
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case  the  direct  external  STAM  problem  consists  in 
defining  to  what  extent  the  antenna  RP  envelope  Ro(''V) 
is  close  in  the  desired  angular  sector  Q  to  the  envelope 
R(\\i)  of  a  separate  RP  realization  restored  with  the 
available  equipment.  The  information  to  be  found  is 
given  as  the  confidence  region  plotted  around  the  en¬ 
velope  of  tine  restored  RP.  The  integral  criterion  of 
proximity  is  characterized  by  the  probability  Rnmn/  that 
the  envelope  of  the  tine  RP  is  "covered"  by  the  confi¬ 
dence  region.  The  aim  of  the  inverse  STAM  problem, 
when  using  the  integral  criterion,  is  to  formulate  such 
requirements  to  the  equipment  that  meeting  them  the 
envelope  of  the  restored  RP  R(\^)  in  the  desired  angular 
sector  n  should  be  with  a  prescribed  probability  in  the 
given  region  relative  to  the  true  RP  RofM'/  the  SAT 
this  probability  is  named  as  the  difference  functional 
distribution  of  the  RP  P/?*/  [5]. 

Difference  in  formulations  of  the  direct  and  inverse 
STAM  problems  with  different  criteria  of  proximity  of 
tlie  restored  and  true  RPs  leads  to  different  results  of 
these  problems  solutions,  i.e.  the  estimates  of  Ute  meas¬ 
uring  equipment  capabilities  or  the  requirements  im¬ 
posed  on  it  arc  different.  The  question  as  for  what  crite¬ 
rion  of  proximity  is  to  be  chosen,  should  be  solved  by  a 
user  or  a  designer  of  the  measuring  equipment  de¬ 
pending  on  the  following:  the  aims  of  the  antenna 
measurements;  time  alotted  for  them;  whether  meas¬ 
urements  are  carried  out  while  developing  antenna  or 
its  operating  (control);  either  it  is  of  need  to  know  the 
nature  of  the  whole  antenna  RP  or  its  possible  radiation 
in  separate  directions;  reasonable  cost  of  the  equipment 
being  developed,  etc. 

Depending  on  the  chosen  criterion  of  proximity  the 
results  of  the  SAT,  concerning  either  the  mean  power 
RP  calculations,  or  the  ones  of  the  RP  fluctuations  in 
separate  directions  v|/i,  or  those  of  the  whole  RP  fluc¬ 
tuations  (its  distribution  functionals),  should  be  used 
when  solving  the  STAM  problems. 

Note  that  in  dependence  on  the  version  of  the  method 
for  defining  the  antenna  characteristics  in  the  near  zone 
(whether  amplitude  and  phase  of  the  near  field  or  its 
quadrature  components  are  being  measured;  the  surface 
shapes,  where  the  field  values  are  being  measured,  etc) 
the  statistical  theory  of  the  antenna  parameters  meas¬ 
urement  has  these  or  those  peculiarities.  But  the  gen¬ 
eral  approach  to  the  STAM  problems  solution  remains 
the  same  for  all  versions  of  the  method. 

The  paper  successively  presents  the  STAM  foundations 
for  the  case  when  the  amplitude  and  phase  of  the  field 
on  the  antenna  plane  aperture  is  being  measured.  The 
results  of  calculating  the  restored  RP  statistical  charac¬ 
teristics,  the  mean  power  RP,  the  RP  fluctuations,  the 
RP  correlation  characteristics  are  given.  The  basic 
attention  in  the  report  is  paid  to  the  consideration  of  the 
normalized  RPs  and  their  fluctuations.  It  is  stipulated 
by  that  when  restoring  RP  it  is  of  especial  interest  to 


evaluate  a  level  of  their  sidelobe  radiation,  which  might 
be  estimated  only  when  studying  normalized  RPs. 
Methods  for  the  direct  and  inverse  STAM  problems 
solution  are  set  forth.  Fonnulae  and  figures  illustrating 
results  of  the  external  problems  solution  are  given. 

Results  features  when  measuring  the  near  field  on  the 
cylindrical  surface  enveloping  the  antenna  and  on  the 
plane  surface  in  the  Fresnel  zone  are  given.  It  is  shown, 
in  particular,  that  measuring  a  near  field  in  the  Fresnel 
zone  the  correlation  of  fluctuations  in  symmetrical 
(with  respect  to  a  main  maximum)  angular  directions 
depend  on  a  position  of  the  measurements  area.  It  leads 
to  that  when  registering  a  near  field  in  the  Fresnel 
zone,  the  requirements  to  measuring  means  will  differ 
from  the  ones  for  the  case  of  the  measurement  of  a  field 
in  an  antenna  aperture. 

Further,  statistical  aspects  of  the  near  zone  methods 
when  measuring  not  the  antenna  RP  but  its  parameters, 

i.e,  the  RP  width,  the  main  maximum  direction  etc.,  are 
considered.  It  is  noted  that  the  requirements  to  the 
measuring  equipment  in  these  cases  are  less  strict. 

In  conclusion  the  urgent  directions  of  the  STAM  devel¬ 
opment  are  formulated, 
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The  application  of  multireflectors  electromagnetic 
systems  in  devices  of  millimeter  region  and  in  antenna 
techniques  is  known. 

Here  are  presented  tlie  results  of  investigation  in  milli¬ 
meter  waveband  of  resonance  systems,  comprising  in 
series  located  and  diffractionally  coupled  4-8  reflector 
open  resonators  with  spherical,  cylindrical  and  circled 
reflectors. 

These  systems  are  perfonued  as  two  blocks,  where  a 
chain  of  in  series  located  reflectors  was  made  mechani¬ 
cally.  The  coupling  with  outer  devices  is  made  by 
means  of  circular  holes  in  reflectors.  One  of  the  OR 
was  excited  with  the  help  of  generator,  and  the  signal 
was  directed  to  the  analysing  devices,  through  the 
similar  hole  of  one  of  the  neighbouring  coupled  OR. 

For  the  investigations  an  automatic  complex  was  used 
[1].  It  allowed  to  study  the  spectrum  of  the  excited 
oscillation  types  of  fields  distribution  in  millimeter 
range,  to  measure  Q-factor  using  a  computer.  The  com¬ 
plex  of  devices  comprised:  a  millimeter  waveband  gen¬ 
erator,  microwave  detector,  oscillograph,  digital  volt¬ 
meter  and  elements  of  automatization:  personal 
computer,  2  outside  controllers,  digital-to-analog  con¬ 
verter,  2  step-by-step  motors.  The  signal  is  transmitted 
through  the  connecting  waveguide  and  through  the 
other  connecting  elements  to  the  resonator  system. 

This  signal  is  detected,  amplified  and  comes  to  the 
outside  controllers;  to  tlie  PC  and  oscillograph  simulta¬ 
neously.  It  is  transmitted  to  the  oscillograph  in  order  to 
control  voltage.  The  transmission  coefficient  is  defined 
by  the  changes  of  voltage. 

One  of  the  reflector  blocks  of  the  system  under  investi¬ 
gation  is  immovably  mounted  on  the  optical  bench,  the 
other  reflector  block  is  located  on  the  table  with  mi- 
cromctric  serves,  that  is  fastened  on  tlie  optical  bench. 
Transferring  of  this  reflector  block  is  made  with  the 
help  of  the  step-by-step  motor,  controlled  by  computer. 

The  excited  oscillation  types  distribution  can  be  studied 
placing  a  sample  body  into  the  resonance  volume  of  the 
system  under  investigation  and  replacing  it  with  the 
help  of  anotlier  step-by-step  motor.  The  analysis  of  the 
transmission  coefficient  allows  to  account  Q-factor  by 
knowing  the  width  of  tlie  resonance  curve.  The  fre¬ 
quency  sweep  is  carried  out  also  using  IBM  PC. 


The  spectrum  of  the  OR  with  circular  reflectors  is  con¬ 
sequence  of  types  of  oscillation,  excited  while  changing 
the  distance  (L)  between  reflector  blocks.  It  was  rared 
very'  fast  with  increasing  L  and  when  L  >  'iX,  it  was  the 
only  one  across  oscillation  type  excited. 

An  effective  excitation  of  the  circular  OR  sy'stem  was 
achieved  in  a  very  small  interval  of  variation  of  the 
distance  between  reflectors. 

Q-factor  of  this  system  was  decreasing  with  L  increas¬ 
ing;  the  maximum  value  of  Q-factor  was:  2-10^. 

Coupled  OR  with  cylindrical  reflectors  were  investi¬ 
gated  for  the  symmetrical  geometry  (both  reflectors  of 
the  OR  are  cylindrical)  and  for  the  semi-cylindrical 
geometry  (one  of  the  reflectors  was  flat).  The  spectrum 
of  such  a  coupled  OR,  consisted  from  3-5  semicylindri- 
cal  OR  included,  as  a  rule,  three  or  more  oscillation 
types. 

The  investigations  of  field  distribution  along  the  axis  of 
tlie  system  have  shown  that  the  oscillation  types  with 
several  field  maxima  in  the  region  of  one  cylindrical 
reflector  are  excited. 

Q-factor  was  equal  to  2- 10^.  Coupled  ORs  with  sym¬ 
metrical  reflectors  were  effectively  excited  only  when  L 
>  R  {R  is  the  radius  of  the  reflectors);  the  spectrum  of 
these  OR  is  thick  enough,  Q-factor~10^. 

Coupled  OR  with  spherical  reflectors  were  investigated 
with  consecutive  increasing  of  the  exciting  ORs  num¬ 
ber:  at  first  a  single  OR  was  studied,  then  two-OR  sys¬ 
tem  and  so  on  [2]. 

The  spectrum  of  the  single  OR  with  short  distances 
between  reflectors  consisted  of  6-8  oscillation  types;  Q- 
factor  was  5-10^.  With  the  increasing  of  ORs  number, 
the  distance  between  reflectors  at  which  the  system 
could  be  effectively  excited  was  decreasing;  Q-factor 
was  also  decreasing. 

While  studying  a  spectrum  of  the  system  under  condi¬ 
tion  of  changing  a  distance  between  reflector  blocks  at 
fixed  excitation  frequency,  as  a  rule,  an  equidistance  of 
excited  oscillation  types  was  found  (Fig.  1). 

Changing  the  distance  between  reflectors,  we  succeded 
in  the  excitation  of  four-five  cell  system  with  exciting 
area  near  concentric  geometry  of  resonators. 
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Spectnim  of  the  investigated  system  for  excitation  of 
three  coupled  ORs  at  fixed  distance  between  reflector 
edges  {L  =  1  mm)  (the  signal  was  taken  from  the  3rd 
resonator)  is  presented  in  Fig.  2.  Such  a  system  have 
shown  a  rather  rare  spectrum.  Factor  Q  of  individual 
oscillation  tjpes  reached  a  value  of  5-10^.  The  hole  size 
did  not  allow  the  system  to  excite  at  frequencies  of  less 
than  63  GHz. 


0  6  12  18 

Fig.  1.  Dependence  of  the  transmission  coefficient 
on  distance  between  resonators 


Fig.  2.  Dependence  of  the  transmission  coefficient 
on  the  frequency 


1  50  100 


Fig.  3.  Dependence  of  the  transmission  coefficient 
on  the  Q-factor 


Using  solutions  to  parabolic  equation  for  several  oscil¬ 
lation  types,  let  us  estimate  possible  values  of  the 
transmission  coefficient  for  two  diffractionally  coupled 
ORs  with  spherical  reflectors  at  fixed  reflector  aperture 
and  different  beam  width. 

Consider  the  simplest  model  of  interaction  between  two 
identical  spherical  OR  with  parallel  optical  axes  and 
w  hich  reflectors  touching  each  other  by  edges.  Assume, 
we  know  type  field  distribution  on  the  first  OR  reflector 
and  out  of  its  limits  for  corresponding  oscillation.  For 
tliis  purpose  let  us  use  well  known  analytical  solutions 
to  a  problem  of  self  oscillations  of  OR  with  spherical 
reflectors,  expressed  in  terms  of  Gauss-Lagger's  poly¬ 
nomials  [3]. 

The  results,  obtained  for  several  lowest  oscillation  types 
are  presented  in  Fig.  3  (the  transmission  coefficient 
versus  Q  -factor  plot). 

From  Fig.  3  it  is  clear,  that  the  increase  of  transmission 
coefficient  is  accompanied  by  the  fast  decrease  of  Q- 
factor,  and  asymmetric  oscillations  excitation  (particu¬ 
larly  for  lOq  oscillation)  is  traded  off  for  effective 
power  flow  from  one  OR  to  another. 

The  numerical  model  has  confinned  the  supposition 
about  the  predominant  excitation  of  highest  and  asym- 
metiycal  oscillation  types  in  such  a  system,  as  has  been 
shown  by  the  results  of  experiment. 

The  experimental  results  have  show  effectiveness  of 
functioning  of  diffractionally  coupled  two-reflector  ORs 
with  spherical  reflector  systems  near  a  concentric  ge¬ 
ometry. 
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INTRODUCTION 

Fast  developments  in  the  field  of  wireless  mobile  com¬ 
munications  increase  the  demand  for  novel  antennas 
and  MMIC  RF  front  end  circuitry  addressing  the  re¬ 
quirements  of  compactness,  efficiency,  and  low  cost. 
Recently,  the  active  integrated  antenna  (AIA)  approach 
became  one  of  the  most  promising  innovative  designs 
in  minimizing  of  interconnects  and  power  consumption 
as  well  as  increasing  the  efficiency  of  RF  amplifiers 
[1-3].  Unlike  the  conventional  configuration  of  re¬ 
ceiver/transmitter  front  ends  where  tlie  antenna  and 
active  circuit  are  separate  components,  their  tight  inte¬ 
gration  in  AIA  systems  makes  also  possible  the  reali¬ 
zation  of  broadband  performance  including  efficient 
high-harmonics  tuning  [4].  Here  we  present  a  compact 
AIA  receiver  front  end  as  a  candidate  for  applications 
in  the  third-generation  mobile  communications  hand¬ 
sets. 

Size  reduction  becomes  a  key  issue  in  designing  an¬ 
tenna  elements  for  integrated  wireless  handheld  tenni- 
nals,  however  the  choice  of  dielectric  rod  helical  an¬ 
tenna  provides  quite  compact  configuration  of  AIA 
amplifier.  Because  of  direct  integration  of  amplifier 
circuit  and  antenna  in  AIA  approach,  proper  imped¬ 
ance  matching  proves  to  be  a  major  condition  for  in¬ 
creasing  the  gain  and  minimizing  the  system's  noise. 
The  design  and  simulation  of  low-noise  amplifier 
(LNA)  for  integrated  receiver  front  end  is  presented 
and  the  measured  results  of  AIA  radiation  pattern  are 
demonstrated  in  this  study. 

AIA  AMPLIFIER  CONFIGURATION 

Typical  block  diagram  of  AIA  receiver  front  end  is 
depicted  in  Fig.l.  Unlike  the  conventional  design 
where  an  antenna  and  receiver  amplifier  are  separated 
by  a  standard  50  Ohm  transmission  line  and  intercon¬ 
nects,  in  AIA  approach  an  antenna  is  directly  attached 
to  the  input  of  amplifier  circuit.  It  results  in  obviously 
much  more  compact  design  and  smaller  losses  as  well 
as  increases  the  operational  bandwidth,  that  are  re¬ 
quired  in  modem  high-perfonnance  communication 
systems.  One  of  the  main  challenges  in  realizing  AIA 
design  is  the  effective  impedance  matching  of  antenna 
element  and  amplifier  depending  on  the  antenna  type 
used.  Spiral  helical  antenna  is  characterized  by  com¬ 
plex  input  impedance  with  its  high  imaginary  part  at 


the  design  frequency  of  2.1  GHz.  Because  of  impor¬ 
tance  of  both  gain  impedance  matching,  which  provides 
the  maximum  gain  of  AIA  device,  and  noise  figure 
(NF)  minimum  impedance  matching,  which  minimizes 
the  NF  value,  an  amplifier  has  to  be  designed  according 
to  the  impedance  characteristics  of  antenna  used. 


Fig.  1 .  Block  diagram  of  AIA  amplifier  front  end 


AMPLIFIER  DESIGN 

As  is  well  known,  the  condition  of  perfect  gain  imped¬ 
ance  matching  as  applied  to  AIA  device  is  expressed  by 

(1) 

where  =  ReS'ij+/Tm5ij  is  the  reflection  coeffi¬ 
cient  of  an  amplifier  at  its  input  port  while 
Za„i  is  the  normalized  input  im¬ 

pedance  of  an  antenna.  The  relation  (1)  simply  implies 
that  Res'll  =  Re and  ImSn  =  -ImZ^„,  are  the 
conditions  tliat  result  in  obtaining  the  maximum  gain 
of  AIA  amplifier  front  end.  Fig.  2  shows  the  input 
measured  impedance  of  helical  antenna  made  by  rec¬ 
tangular  dielectric  rod  sized  2.0x2. 0x4.1  mm  with 
s^  =  4. 

In  designing  the  low  noise  active  systems,  on  the  other 
hand,  the  noise  reduction  and  NF  matching  become 
very  important  issue  [7],  In  an  ideal  case  for  AIA  sys¬ 
tem,  the  minimum  NF  is  observed  when  the  antenna 
input  impedance  is  equal,  or  at  least  close,  to  the  so- 
called  active  device  NF  minimum  impedance  Zj^p 
looking  back  into  the  input  of  an  amplifier 

^anl  input  ~  ^NF 
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Fig.  2.  Configuration  of  helical  antenna  and  its  input  impedance 


Nevertheless,  the  condition  (2)  is  often  difficult  to  re¬ 
alize  since  the  NF  minimum  impedance  is  a  given 
specification  parameter  of  an  active  device  while  an¬ 
tenna  impedance  is  defined  by  the  required  radiation 
characteristics  of  antenna.  To  remedy  this,  an  input 
circuit  can  be  tuned  to  change  ,  i.e,  to  shift  tlie 

left-hand  side  of  (2)  closer  to  the  NF  minimum  imped¬ 
ance.  However,  it  may  simultaneously  lead  to  the 
change  of  5'jj  value  and,  therefore,  to  an  undesired 
amplifier  gain  degradation.  It  should  be  noted  that  a 
small  NF  mismatch  does  not  essentially  affect  the  sys¬ 
tem  performance  while  the  maximizing  of  receiver 
front-end  gain  is  considered  as  the  main  design  factor. 

Mitsubishi  Electric's  high  electron  mobility  transistor 
(HEMT)  MGF4919G  has  been  selected  as  a  device 
providing  the  very  low  NF,  0.5  dB.  The  modeling  of 
amplifier  has  been  done  using  the  Hewlett  Packard's 
Libra  circuit  simulator.  As  a  result,  the  stability  factor 
of  amplifier  has  been  obtained  as  AT  >  2.0,  which  satis¬ 
fies  the  critical  condition  Ar,„in  =1.0  over  the  entire 
frequency  band  from  0  to  4.5  GHz.  Simulation  results 
have  shown  the  amplifier  gain  |5'2i|=8.5  dB  at 
/  -  2. 1  GHz. 

Tuning  of  the  amplifier's  input  circuit  has  been  carried 
out  in  matching  the  amplifier  input  impedance,  i.e. 
adjusting  its  S-parameter  .Sj]  to  the  value  close  to  a 
complex  conjugate  of  the  antenna  input  impedance 
Z^nt  at  the  design  frequency  shown  in  Fig.  2.  Then,  the 
output  circuit  of  amplifier  has  been  designed  to  provide 
standard  50  Q  match,  so  that  the  simulation  of  ^21 
parameter  shows  that  the  output  impedance  of  LNA  is 
equal  to  50  Q. 

The  amplifier  has  been  assembled  as  a  single  layer 
substrate  with  dimensions  10.3x6.0  mm.  To  test  the 
performance  of  the  LNA  without  antenna,  we  have 
measured  its  S-parameters  on  HP  8510  network  ana¬ 


lyzer  and  compared  the  experimental  data  with  those  of 
simulation.  The  obtained  simulation  and  experimental 
results  are  presented  in  Fig.  3.  The  deep  minimum  of 
S22  parameter  corresponds  to  the  design  frequency  of 
2.1  GHz  of  AIA  amplifier.  The  results  show  good 
agreement  between  simulation  and  measured  data, 
which  confinns  the  design  procedure.  We  have  also 
tested  the  matching  properties  of  amplifier's  input  cir¬ 
cuit  attached  to  the  antemia  used.  Frequency  depend¬ 
ence  of  measured  reflection  coefficient  of  helical  an¬ 
tenna  with  LNA  input  circuit  is  consistent  with  the 
design  requirement. 


Frequency,  [GHz] 


Fig.  3.  Measured  and  simulated  S-parameters  of  LNA 

Finally,  the  radiation  characteristics  of  AIA  receiver 
have  been  obtained  by  measuring  the  radiation  patterns 
of  helical  antenna  attached  to  the  LNA.  Length  sensi- 
tmty  of  a  small  spiral  antenna  has  been  experimentally 
proved.  Typically,  the  longer  the  helix,  the  lower  the 
resonant  frequency  of  antenna  becomes.  As  an  exam¬ 
ple,  Fig.  4  shows  the  pattern  functions  at  2.04  GHz 
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measured  in  the  plane  perpendicular  to  the  axis  of  he¬ 
lix.  The  decrease  of  pattern  level  is  observed  in  the 
direction  of  a  ground  plate  used  in  the  measurement 
setup. 


Observation  Angle,  [degree] 

Fig.  4.  Measured  radiation  patterns  of  helical  AIA, 
solid  line:  field,  dotted  line:  Eq  field 


CONCLUSIONS 

The  design  of  AIA  amplifier  front  end  for  the  next- 
generation  mobile  communications  handsets  has  been 
presented.  The  importance  of  tlie  principle  of  both  gain 
impedance  matching  and  NF  matching  in  increasing 
the  efficiency  of  integrated  device  operation  has  been 
emphasized.  Simulation  results  and  measured  data  have 
demonstrated  good  agreement  in  testing  the  designed 
LNA.  The  compactness  of  AIA  amplifier  front  end 
would  allow  its  applications  in  the  design  of  novel 
handheld  wireless  terminals  and  adaptive  antenna  sys¬ 
tems.  It  is  demonstrated  that  circuit  integration  of  an¬ 
tenna  and  amplifier  makes  possible  new  RF  configura¬ 
tions  with  greatly  reduced  size  and  increased  efficiency'. 
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Planar  antennas  for  the  coupling  of  active  element 
(AE)  with  waveguide  section  are  of  great  practical 
interest  as  alternative  for  coaxial-  and  post-waveguide 
electrodynamic  structures  [1].  These  structures  have 
high  recurrence  of  parameters,  low  cost  and  allow 
monolithic  integration  with  AE.  Application  of  slot 
antennas  (SA)  in  such  equipment  allows  to  simplify  AE 
connection  and  to  use  microstrip  line  to  match  and 
design  power  circuit  [2]. 

The  given  paper  offers  a  method  of  partial  regions 
investigation  of  transverse-planar  structures  with  SA. 

Transverse-planar  structure  being  analyzed  is  shown  in 
Fig.  1,  where  1,  3  are  waveguides,  2  -  dielectric  sub¬ 
strate,  Si  -  slot,  S2  -  dielectric-waveguide  3  boundary. 


Loss  in  metal  walls  of  waveguides  and  thickness  of  SA 
metal  were  not  taken  into  account  in  simulation. 

The  following  system  of  equations  is  obtained  basing 
on  continuity  of  tangential  components  of  magnetic 
field  on  S]  and  S2  boundaries. 

n}  xHl{0,E^l}  +  nf  xH2{E^j}  +  nJ  xh2{E^2>  = 

■  =H^{j^,0}xn} 

n|xH^{E.^^}  +  n^  xH^{E^2}  +  "2  >=H^{E^2>  =  0 

(1) 

Galerkin's  method  is  used  to  detennine  distribution  of 
electromagnetic  fields.  According  to  this  method  elec¬ 
tric  field  on  S\  and  S2  boundaries  is  approximated  in 
the  form  of  series 


Pi 


1  ol 


P^l 


p  '-'p’  ^t2 


^-2  2 

S  e2  .32, 

P  =  1 


(2) 


System  of  linear  algebraical  equations  for  amplitudes  of 
tangential  electric  field  on  S\  h  S2  boundaries  is  ob¬ 
tained  from  formulas  (1)  and  (2) 


y  e^ T  e^-Y^’^  =  h 
Jp=l  p=l 

P  =  1  p  =  l 


Where 

Y^’i-VY^-n'  -n’ 

a 

Ypm  =Z'^a  -nip  -nim  -cthfK^  -L), 

a 

Y^'^=-yY^-n^  -n’  ^ 

^pm  *‘an 

a 

=  Z  •  "ap  •  "at  '  CthCK^  ■  L), 

a 

Ypf  =ZYa-ni-nL 

a 

h^=2-Ur-Y/-n}^. 

In  (I)-(IO)  denotations  are  the  same  as  in  [3]. 


sh(K^L) 

1 


(3) 


(4) 

(5) 

(6) 

(7) 

(8) 
(9) 

(10) 


Described  method  can  be  used  to  analyse  structures 
with  different  form  of  SA.  In  this  case  functions  3p'  (2) 
can  be  derived  using  the  methods  from  [3,4]. 

Analysis  of  interior  convergence  of  the  method  in  the 
calculations  of  slot  radiator  with  rectangular  form  in 
waveguide  28.5x12.6  (L  =  0.1  mm,  s  =  4.3)  showed 
that  the  difference  of  calculated  values  of  IS’nl  reflection 
ratios  at  Pi  =  1  and  Pi  =  4  does  not  exceed  0.7  %. 

Such  method  provides  coincidence  of  calculated  and 
experimental  values  witli  error  not  more  tlian  3  %. 
Ex-periment  error  is  8  %. 
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THE  ANALYSIS  OF  THE  IRRECIPROCITY  OF  THE  SIGNALS  DELAY  OF 
IN  THE  ANTENNA-FEEDER  DEVICES  OF  ACTIVE  COMPARISON 
SYSTEMS 

V-  V.  Bavykina,  Yu.  A.  Koval,  O.  L.  Troshchin 

Kharkov  State  Teclinical  University  of  Radioelectronics 
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On  the  basis  of  the  high  precision  radio  meteor  com¬ 
parison  metliod  (RCM)  with  the  time  of  radio  signals 
propagation  between  corresponding  points  in  direct  and 
return  directions  as  a  first  approximation  is  considered 
to  be  equal  (the  signal  reflected  by  the  “useful”  meteor 
trail  exists  tens-hundreds  of  seconds). 

At  present  the  RCM  along  with  the  methods  using 
transportable  quantum  clock  (TQC)  and  satellite  radio 
navigation  systems  (GPS,  GLONASS),  ensures  the 
comparison  error  of  the  order  of  tens  of  nanoseconds.. 
In  this  case  the  RCM  surpasses  the  indicated  methods 
in  such  characteristics  as  the  measurements  productiv¬ 
ity,  self-sufficiency,  operativeness,  efficiency,  conceal- 
ness,  stability  to  ionospheric  perturbations  [1]. 

To  reduce  the  equipment  systematic  errors  (ESE)  de¬ 
pending  on  the  difference  of  signals  delay  in  the  sec¬ 
tions  of  reception  and  radiation  of  the  radiometeor 
comparison  complex  (RMCC)  signals,  a  number  of 
methods  were  offered  for  their  measurement,  correla¬ 
tion  and  compensation.  But  these  methods  do  not  allow 
to  measure  the  ESE  sources  resulted  from  the  instability 
of  the  signal  formation  devices  and  irreciprocity  of  tlie 
signals  delay  in  the  antenna-feeder  devices  (AFD).  The 
latter  source  is  identified  and  studied  quite  recently  and 
it  deserves  a  special  consideration. 

In  the  active  comparison  systems  the  combined  AFD 
are  used  for  radiation  and  reception  to  exclude  the 
errors  caused  by  different  angular  coordinates  of  the 
trajectories  of  signals  passage  between  the  points.  Here, 
on  the  basis  of  the  known  antenna  reversibility  prop¬ 
erty,  the  signals  delay  in  the  AFD  in  radiation  and 
reception  are  assumed  to  be  equal  and,  hence,  not  af¬ 
fecting  the  ESE. 

The  AFD  delays  irreciprocity  was  established  experi¬ 
mentally  with  "detection  and  ranging  in  succession"  of 
two  RMCC  of  "METKA-8"  type.  The  cable  length 
variation,  the  AFD  change  and  elements  replacement  in 
tire  commutator  led  to  the  ESE  up  to  20. ..30  ns. 

Irreciprocity  of  delays  in  the  AFD  is  explained  by  the 
signal  form  variations  due  to  differences  in  regimes  of 
the  cable  matching  in  reception  (the  antenna  -  cable  - 
commutator  -  receivers  input  resistance)  and  in  radia¬ 
tion  (the  transmitter  -  commutator  -  cable-antenna). 


As  an  ideal  matching  of  the  AFD  (that  ahould  be  the 
simplest  solution  of  the  problem)  is  impossible,  ex¬ 
perimental  investigations  were  continued  and  theoreti¬ 
cal  analysis  of  the  signal  form  distortions  with  mis- 
matchings  in  the  AFD  and  subsequent  anomalies  in  the 
delays  was  also  carried  out. 

Fig.  1  shows  the  simulation  block  diagram  of  the  sig¬ 
nals  delays  irreciprocity  in  the  AFD.  For  the  predeter¬ 
mined  parameters  of  the  signal  source  [«)(/),  Z,],  the 
load  [Zi]  and  the  cable  [Z^,  V;,,  a,  L]  the  real  delay  of 
the  signal  Ta  was  defined.  The  influence  of  the  cable 
mismatching  on  the  ESE  was  estimated  with  an  ab¬ 
normal  delay  ta  defined  as  the  difference  between  the 
real  and  ideal  delays:  'tA=  xa-  (L/Vp). 


Fig.  1.  Block  diagram  of  simulation 
of  delays  irreciprocity  in  AFD 
1  -  source  of  the  known  form  signal  si(f);  2  -  cable; 
3-  detector;  4  -  device  for  measuring  the  signal's 
temporal  position;  Z/-the  source  internal  resistance; 

Zi  -  load  resistance;  Z'  -  cable  wave  resistance; 

Vp  —  phase  velocity  in  the  cable;  a  —  decay  coefficient  in 
the  cable;  L  -  the  cable  length 

In  the  case  of  active  resistances  of  the  circuit  [R„  R\, 
Rw]  the  temporal  method  of  analysis  was  used.  Here  the 
output  signal  had  the  following  form 

R  “ 

Ji(0  =  - ! —  -L/Vp)+ 

R.  +Rj  *=i 

+  Z ( F.F/)*exp(-(2*  +  l)aL)]xi (f -  {Ik  +  1)L/Fp)] } , 

k=\ 

where  p,  =  (R,  -  Rw)/(R.  +  Rw),  Pi  =  (Ri  -  Rw)/(Ri  +  Rw) 
are  the  coefficients  of  reflection  from  the  source  and  the 
load,  respectively. 

As  \pi  pt\  «  1  is  real,  we  can  confine  ourselves  to  the 
first  component  in  the  sums  {k  =  \)  when  performing 
calculations. 
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In  the  case  of  a  random  nature  of  resistances  [Z„  Z/,  Z„] 
the  frequency  method  of  analysis  was  used,  here  the 
complex  coefficient  of  the  circuit  transmission  was 
converted  to  the  form: 

KO'oy)  =  Z,/(Z,  +  Z0[ch(YZ.  +  Z'shCyZ,)], 

where  y  =  a  +y|3  is  the  coefficient  of  propagation  in  the 
cable,  p  =  (o/Vp  is  the  coetficient  of  the  phase;  Z'  = 
ZJZi  +  Z2/Z„  is  the  relative  resistance,  Zi  =  Zi  +  Z^,  Z2 
=  Z,Z,/(Z,  +  Z,). 

The  relative  distribution  Z'  represents  llie  dimension¬ 
less  parameter  characterizing  mismatching  of  the  cable 
both  on  the  part  of  the  load  and  on  the  part  of  the 
source.  If  Z,  =  Z„  or  Z/  =  Z^,  then  Z'  =  1.  Here  the  ab¬ 
normal  delay  does  not  depend  on  the  cable's  length,  it  is 
defined  by  the  signal  distortion  in  the  circuit  with  a 
complex  coefficient  of  transmission: 

^(/■w)  =  Z/(Z,  +  Z,). 

Not  only  the  abnonnal  delays  of  the  signals  envelopes 
but  the  abnonnal  delays  of  the  coherent  carrier  fre¬ 
quency  phases  were  analysed.  In  this  case  the  real  sig¬ 
nal's  delay  was  defined  as 

1  =  (p(coo)Jcoo, 

where  (p(coo)  is  an  argument  A'(/'c£>)  on  the  frequency  w. 

Simulation  was  carried  out  for  the  main  types  of  sig¬ 
nals,  different  types  of  loads  and  resistances,  tlie  main 
methods  of  the  signals  temporal  position  measurement. 
Figs.  2  and  3  show  the  dependencies  of  the  abnormal 
delays  on  those  in  the  cable  with  the  use  of  the  relative 
dimensionless  ones  x'^,  x'^  [x'a  =  x^/Xj,  x'c  =  L/(P'p%),  Xs  is 
the  signal  duration]. 


0  0.1  0.2  0.3  0.4  0.3  0.6  0.7  0.8  0.9 


Fig.  2.  The  dependencies  of  the  abnormal  video  pulses 
delays  on  the  cable's  length 

Tlie  main  results  of  the  simulation  are  as  follows: 

1)  for  the  real  values  of  the  active  resistances  R'e 
0.7...  1.3  the  abnormal  delays  are  negligible  small  for 
0.8  <  x'c  <  0.01  and  the  maximum  absolute  values  of 
abnormal  delays  correspond  to  the  relative  delay  of  the 
cable  x'c  e  0.3. ..0.5; 

2)  the  dependencies  of  the  abnormal  radio  pulses  delays 
on  the  cable's  length  are  of  quasi-harmonic  nature  with 


a  period  corresponding  to  the  cable's  delay  for  a  half¬ 
period  of  the  signal  carrier  frequency; 

for  the  complex  Z'  the  abnonnal  radio  pulses  delays 
dependencies  on  the  cable  length  have  the  constant 
component  and  the  auxiliary  "amplitude  modulation"; 

4)  three  methods  (subtraction  of  the  delayed  signal,  by 
two  fronts,  by  FFCh  slope)  of  the  main  methods  of  the 
signal  temporal  position  measurement  are  practically 
equally  sensitive  to  the  abnormal  delays;  the  measure¬ 
ments  by  tlie  gravity  center  have  the  largest  values  of 
the  abnonnal  errors  and  the  measurements  by  the 
maximum  of  the  signal  and  by  tlie  leading  edge  have 
the  smallest  values  of  the  abnormal  errors. 
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Line  Length 

Fig.  3.  The  dependencies  of  the  abnormal  radio  pulses 
delays  on  the  cable's  length 

The  simulation  results  are  confirmed  experimentally. 
The  measurements  were  carried  out  for  three  types  of 
antennas  four  sj’nphased  waveguide  channels  array; 
single  four-elemental  waveguide  channel;  shortened 
oscillator. 

The  dependencies  of  the  abnormal  delays  measured 
values  on  the  normal  delay  in  the  cable  Xo  were  studied. 
The  plots’  period  Xa(Xj,)  («8  ns)  corresponds  to  the  half 
period  of  the  carrier  frequency  -  57.3  MGz.  The  array 
with  Xamax  “  25  ns  had  the  maximum  values  of  abnormal 
delays,  the  shortened  oscillator  had  the  minimum  val¬ 
ues  (Xamax »  3  ns),  then  it  was  used  as  a  measuring  an¬ 
tenna  for  the  ESE  identification.  The  abnormal  delays 
measurements  in  the  receiving  channel  were  carried  out 
by  the  analogous  methods.  Here,  the  abnormal  delays 
level  within  1...2  ns  was  obtained  at  the  expense  of  a 
more  careful  matching  of  the  receiver  input  circuits. 

Thus,  for  the  cable  real  lengths  and  the  AFD  matching 
quality  the  abnormal  delays  can  reach  units  of  percents 
of  the  pulses  duration,  tliis  amounts  to  tens  of  a  nano¬ 
second.  This  can  lead  to  the  ESE  of  tlie  same  order. 
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CREATION  OF  LOCALIZED  HIGH  INTENSITY  ELECTROMAGNETIC  FIELD 
PULSES  IN  OPEN  RESONATOR 
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We  propose  a  new  type  of  open  resonator,  a  resonator 
witli  focused  travelling  wave  pulses.  Our  first  paper 
about  such  resonators  was  published  in  1996  [1],  This 
non-sinusoidal  travelling  wave  is  of  the  form  of  a  radio 
pulse,  compressed  in  space  and  time.  The  open  reso¬ 
nator  is  formed  by  means  of  two  identical  confocal 
parabolic  mirrors  (Fig.  1).  A  use  of  spherical  mirrors  is 
also  possible,  though  the  result  would  be  somewhat 
worse.  A  mathematical  model  for  computing  near  elec¬ 
tromagnetic  fields  inside  the  resonator  is  developed. 
This  model  uses  a  new  representation  of  mirrors  as 
antenna  arrays  with  special  elements  perfonnance. 
Model  is  based  on  the  matrix  theory  of  antenna  arrays 
with  arbitrary  geometry,  published  earlier  [2].  The 
algorithm  is  realized  on  personal  computer  with  op¬ 
portunities  of  numerical  evaluation  of  characteristics  of 
the  focal  region,  where  the  total  electromagnetic  field 
represents  a  wide-angle  short-pulse  wavebeam.  The 
electromagnetic  field  in  focal  region  is  approximately 
in  the  form  of  travelling  electromagnetic  wave. 


In  contrast  to  the  known  Gauss  wavebeams  with  angu¬ 
lar  spectrum  less  than  10  degrees,  we  realize  in  our 
case  wide-angle  beams  with  the  width  of  the  angular 
spectrum  up  to  90  degrees  and  more.  The  waist  width 
of  beam  may  be  reduced  practically  to  the  Rayleigh 
limit  (half  of  the  wavelength  in  the  medium).  We  can 
provide  coherent  addition  of  waves  and  accumulation  of 
energy  of  many  phase-controlled  generators  in  tire  focal 
region,  using  a  special  multi-element  and  multi¬ 
frequency  excitation  by  means  of  an  antenna  array 
located  at  the  surface  of  one  or  both  mirrors.  There  are 
tlirec  variants  of  devices  with  various  degrees  of  com¬ 
plexity.  In  the  most  powerful  and  complex  variant  it  is 
necessary  to  use  a  system  of  many  coherent  generators. 


controlled  botli  on  phase  and  on  the  temporal  pulse 
position  on  the  set  of  resonance  frequencies  of  the  open 
resonator  (Fig.  2).  In  a  more  simple  variant  with  pas¬ 
sive  antenna  arrays  and  beam  forming  networks  it  is 
possible  to  use  one  or  several  short  pulse  transmitting 
devices  from  the  microwave  radar;  and  in  the  simplest 
devices  it  is  possible  to  apply  the  simple  beam 
waveguide  excitation  (Fig.  3). 


Fig.  3 


The  necessary  sizes  and  optimal  configuration  for  re¬ 
alization  of  the  system  within  the  given  volume  limits 
were  found.  A  special  non-equidistant  arrangement  of 
launchers  on  resonator  mirrors  was  chosen.  The  poten¬ 
tial  use  of  the  new  type  of  open  resonators  and  the  lo¬ 
calized  pulses  created  in  these  is  very  wide:  from  in¬ 
vestigation  of  the  action  of  localized  high  intensity 
electromagnetic  field  pulses  on  samples  of  various 
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media  (including  radio-absorbing  materials  as  in  the 
well  known  Stealth  technology),  up  to  creation  of 
plasma  objects,  its  compressing  and  heating.  It  follows 
from  the  results  of  investigation  of  electromagnetic 
perfomiance  of  such  resonators  that  two  necessary 
principles  of  achievement  of  high  concentration  of 
electromagnetic  field  must  be  fulfilled; 

•  The  principle  of  coherent  space  summation  of 
output  powers  of  many  microwave  mutually  phased 
generators  of  many  various  frequencies; 

•  The  principle  of  time  compression  of  radiopulses 
in  space. 


1 

F=  10.0  GHz, 
d°F=  100  MHz, 

Y=20,([i=  10“ 

_ ^ ^ ^ _ 

,  I _ ^ ^ ^ ^ , _ I 

-10  -5  0  5  10 

Periods  of  Central  Frequency 


Fig.  4 


According  to  these  principles  in  vicinity  of  the  focus  we 
provide  synchronous  passing  in  various  directions  of 
properly  phased  extended  coherent  relatively  long  ra¬ 
diopulses  with  distinct  carrier  frequencies.  The  length 
of  each  partial  pulse  can  in  tens  and  hundreds  of  times 
exceed  the  length  of  the  required  synthesized  short 
pulse.  It  means  respective  narrowing  of  individual 
spectra  of  partial  pulses  (to  several  hundreds  or  even  to 
tens  of  MHz),  which  considerably  facilitates  realization 
of  resonant  microwaves  amplifiers.  Coherence  means 
that  the  central  frequencies  of  radiopulses  should  be 
fixed  by  a  frequency  synthesizer  with  high  stability  of 
the  primary  local  oscillator.  Synchronization  of  passing 
radiopulses  in  vicinity  of  the  focus  point  means  the 
necessity  of  individual  strobing  of  the  output  stages  of 
microwave  amplifiers.  The  correct  phasing  means  that 
converging  to  the  focus  point  partial  radiopulses  should 
have  at  this  point  the  same  phases  of  its  middles.  The 
form  of  compressed  electromagnetic  pulse  with  fre¬ 
quency  bandwidth  9.0-11.0  GHz  is  demonstrated  in 
Fig.  4.  In  such  device  the  maximal  electromagnetic 
power  density  is  in  the  focus:  it  is  a  so-called  creative 
interference,  giving  a  narrow  burst  of  intensity  of  tlie 
field.  Away  from  the  focal  point,  along  the  main  direc¬ 
tion  of  propagation  of  the  wave  packet  there  is  destruc¬ 
tive  interference,  resulting  in  fast  recession  of  the  field 
intensity  and  electromagnetic  power  density.  An  im¬ 
portant  note:  it  is  possible  to  organize  tlie  fast  moving 
of  tlie  middle  of  synthesized  pulse  in  vicinity  of  the 
focal  region  by  fast  adjusting  of  the  phase  distribution 
of  the  outputs  of  microwave  amplifiers.  The  results  of 


computations  of  distributions  of  electromagnetic  fields 
around  the  focal  point  for  a  resonator  with  parabolic  or 
spherical  mirrors  with  a  =  0.5  m,  b  =  0.4  m  are  demon¬ 
strated  in  Fig.  5. 
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You  may  see,  how  field  distributions  changed  after 
first,  second  and  ninth  sequential  passes  electromag¬ 
netic  wave  between  mirrors.  In  case  of  paraboloidal 
mirrors  we  use  focal  distance  Foe  =  b  and  in  case  of 
spherical  mirrors  we  use  sphere  radius  R  =  2b. 
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INTRODUCTION 

Information  technologies  have  many  current  and  future 
applications  dealing  with  signals  transmission  to  an¬ 
tennas  and  antenna  systems  which  are  removed  from 
each  other  in  space,  but  have  to  be  fed  by  inphase  ana¬ 
log  signals  or  digital  signals  without  mutual  delays. 

In  fact  big  antenna  arrays,  radiointerferometers  with 
long  base  line,  multipositional  radars,  sj'stems  of  hy- 
droacoustical  and  seismological  monitoring,  geological 
systems  of  row  materials  search  and  mobile  comunica- 
tion  systems  realize  holographic  principles  of  signals 
transmission  and  especially  of  signal  registration  and 
processing,  which  demand  correct  knowledge  of  both 
phase  (time  delay  for  digital  signals)  and  amplitude 
distributions  of  electromagnetic  and  acoustic  fields. 

For  this  purpose  removed  in  space  antenna  elements, 
separate  antennas,  radiotelescopes,  acoustical  sensors 
may  be  united  by  phase  stabilized  fiber  links,  providing 
phase  difference  at  their  outputs,  which  should  not 
e.xcced  1...5  degrees.  These  kinds  of  transmission  links 
are  known  as  phase  stabilized  links  (PSL).  The  problem 
of  phase  stability  traditionally  resolved  by  two  principal 
methods.  Component  approach',  manufacturing  the 
transmission  links  with  given  phase  stability  properties; 
system  approach',  usage  the  feedback  systems  with 
controllable  phase  shifters  (delay  lines)  for  parasitic 
phase  difference  (delays)  compensation.  Both  methods 
have  obvious  disadvantages  due  to  technological  com¬ 
plexity  and  bad  mass-weight-cost  characteristics  of  the 
integral  system. 

PHASE  STABILIZATION  BY  LENGTHENED 
FILTERS 

Recently  the  new  method  of  PSL  design  was  proposed 
[1]  and  experimentally  verified,  based  on  as  known 
structural  approach.  Proposed  method  utilizes  standard 
commercial  fibers  and  does  not  require  complex  hard¬ 
ware,  making  use  of  pseudo-flat  input-output  phase 
characteristics  of  extended  fiber  optic  filters  of  trans¬ 
versal  and  recurrent  types  and  their  combinations 
(Fig.  1).  Mathematical  model  of  phase  stabilized  fiber¬ 
optic  link  on  the  basis  of  lengthened  filter  may  be  de¬ 
veloped  in  terms  of  Z-transfonnation  and  transfer 
characteristics  of  four  pole  networks. 


Fig.1.  Transversal  and  recurrent  optical  filters 


For  example,  complex  transfer  characteristic  of  optical 
field  coupler  with  K  as  optical  power  coupling  coeffi¬ 
cient  and  of  network,  consisting  of  two  parallel  fibers 
with  attenuation  factors  ai,2  and  delays  0  and  T,  re¬ 
spectively,  have  the  matrix  form 


■Jl-K 

J 


jJk 

VTTF 


(1) 


(2) 


Combining  (1)  and  (2)  by  appropriate  manner,  transfer 
matrixes  may  be  obtained  for  transversal  and  recursive 
filters  of  tlie  first  order.  The  element  of  matrices  is 
the  transfer  characteristic  of  basic  first  order  filter  ele¬ 
ments,  consisting  in  our  case  of  two  couplers  and  trans¬ 
versal  or  recursive  filter  element  itself  For  a,  2  « 1  and 

z“'  =  one  could  write 


=  7(1  -  K, )(l  -K,)-  ,  (3) 

=  V(1  -  ^,)(1  -  ^2)  /(l  +  V^)  •  (4) 

Cascading,  for  example,  N  transversal  or  recursive 
filters  one  could  obtain  filter  of  A/-order  with  such 
given  positions  of  zeros  and  in  general  case  -  poles  of 
transfer  characteristic  function,  that  in  certain  region  of 
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filter  phase  characteristic  it  will  compensate  parasitic 
phase  shifts  of  fiber-optic  waveguide 

N+l 

^TPN  (^) " 

V+l  , 

where  D  is  an  amplitude  factor,  Z(^-  is  the  y'-th  zero  of 
transfer  characteristic  and  =  1 . 

SPECTRAL-NOISE  CHARACTERISTICS 
OF  UHF  SIGNAL  AT  THE  OUTPUT 
OF  MULTICHANNEL  FIBER  FILTER 
WITH  REMOTE  HETERODYNING 

Theoretical  model  is  based  on  closed  analogy  between 
multimode  fiber  and  single  mode  multi-channel  fiber 
filter,  so  optical  field  Eout(t)  at  the  output  is  considered 
to  be  the  weighted  sum  of  appropriate  input  fields 
with  corresponding  time  delays  along  filter  channels 

EUi)  =  DZA^E,{t-qT).  (6) 

9=0 

Heterodyning  photodetection  mode  means  the  presence 
of  the  two  optical  components  at  slightly  different  in 
optical  scale  frequencies  oq  and  cot  =  ®i  +  Q,  where 
G  « CO], 2  is  the  mentioned  before  UHF: 

E„{t)  ^  Eg  {exp 4®  1^  +  Ti  (O]  +  exp[co  jf  +  cp j  (r)]}  ,(7) 

where  cpi  2(0  “  9  ^9(0  “  random  phase  and  Eq  com¬ 
plex  time-independent  amplitude.  Then  the  autocorre¬ 
lation  function  of  the  photodetector  output  photocurrent 
i(t)  -  oE^XOE'o^XO  might  be  determined  as  follows: 

RX^)  =  ('(0/(f  +  x))  -  +  X))  (8) 

where  a  is  quantum  efficiency  of  photodetector,  aster¬ 
isk  stands  for  complex  conjugation  and  (...)  denotes 
the  averaging  among  photocurrent  realizations. 

Though  phase  fluctuation  process  in  injection  laser  is 
not  Gaussian,  and  corresponding  field  spectrum  is  not 
pure  Lorentzian,  the  most  practically  applicable  injec¬ 
tion  lasers  have  strong  damping  of  relaxation  oscilla¬ 
tions,  so  it  is  accepted  that  Acp(t)  have  Gaussian  prob¬ 
ability  density  function  [2,3]  with  zero  mean  value  and 
dispersion  (Acp)^,  which  is  proportional  to  delay  t  and 
laser  mode  spectral  line  width  Aco  [4] 

(Acp^fAt))  =  Aco|Ax|  ,  Aco  =  ,  (9) 

where  xc  -  laser  coherence  time.  Then  one  could  write: 


j-i 


-(22-1) 


/c\ 


2N  2N-\2g\  2N-2x  4W-2r 

RXx)^2a^D^E\  £  ^  Z  Z  ^ 

29=-2  V  2 p=-(2V-l29t)  2r=-(2  V-2a:)  2j=2> 

A"  A  A'  g-X“i+“2)/'r  ^ 

p-q+rA^s^rArS-p+q-^  p^q-^s-r  ^  s-r~p-q  ^ 

2  2  2  2 

x[cos pClT  A-cosqClT  +  cos(rQ.T  +  Qx)]-/(x) 


8(x-rT)  =  f„Jx)®8(x-rT), 


(10) 


where  /(x)  is  "characteristic"  function  determining  the 

form  of  correlation  function,  that  depends  on  parame¬ 
ters  of  a  laser  radiation  source,  and  ®  -  denotes  the 
operation  of  convolution. 


/xT 


/XT 


Fig.  2.  The  spectral  functions  Fp, ,  (to). 


Making  Fourier  transformation  of  autocorrelation 
function,  tlie  signal  and  noise  spectra  of  output  UHF 
signal  may  be  obtained 

2N  V-|9| 

Sli(0)^2na^D^E^^  £  ^ 

2g=-2N  p=\l\-N 

r~x-N 
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x|2[cos/7Qr  +  C0S(7ri7]5(m) +  5(oi  -n)  +  8((B  +n)} 

2N  A'-|9| 

2q==-2N  p^\q\-N 

|2[cos  pOT  +  coscjD.T]F^^(a )  + 


r=x-N 


+/V^(co-n)  +  F^^(a)+n)},  (12) 


2N-Z 


where  G^„{r)  =  ^>1 

s-hr-y r-p+q'^s-r  +  p-i-q^s- 


s==y 
step  2 


x  =  \p  +  q\  +  \p-q\,  >'  =  ||2/-|+|p+<?|-l/?-^||+x, 

z  =  \lr\-\p  +  q\  +  \p-q\+x ,  (13) 

and  -F;,,,(co)  arc  spectrum  components  at  co  =  0,  ±  (2 , 
determined  by  Fourier  transform  of  characteristic  fime- 
tion;;,,^('t); 

\  2sino)r|g|  ^  2sincor|p[gA<..r[|^HH]  ^ 

(A 

2^AMr|5'l 


-  Am  6 


CO 

-AfOr]/>| 


COSO) 


Ap\- 


Acii  +  CO ' 

-  Aco^"''*'’^^’^  coscoF|(3'|  -  0')^“''“^*'’*  sincoFlpI  + 
+coe  "'""I"’  Sinffl7’lc7[]je-"“"i^',  \p\  <  \q\ 


(14) 


2sincor[/)|  ^  2sincor|(7|gA<o7-[|;,|-|/.|l 


C0SCi)F]/?|  - 


-  AcoS''“^^'’^  coso^Fji^l  +  sinwrlpl  - 

-coe""’^'"'  sinaor|c7l]|e"^“^'''',  |;^|  >  ^ 


The  spectral  functions  Fp  g{ai)  are  depicted  in  Fig.  2  for 
two  combinations  of  p  and  q  and  several  relationships 
between  channel  delay  T  and  laser  coherence  time  Tc. 

SIGNAL-TO-NOISE  RATIO  ANALYSIS 

In  general  case  signal-to-noise  ratio  at  the  photode¬ 
tector  output  may  be  calculated  on  the  basis  of  (11)- 
(12) 


SNR  =  - 


Re 


fi+nA/ 


(15) 


i  jRe[,S'>(o,)] 


da 


n-itA/ 


where  A/ -bandwidth  of  UHF-signal  filter  at  photode¬ 
tector  output. 


For  coherent  ( » 1 )  and  noncoherent  ( r/x^  « 1 ) 
operating  modes  of  PSL  based  on  single  transversal 
(TF)  and  recurrent  (RF)  filters  SNR  (15)  may  be  de¬ 
rived  in  simple  analytic  forms.  For  noncoherent  mode 
of  operation 


27t| 

(A^-i-A;-r2A^Aj‘cosn7’) 

|[2AoAf  +Aq  +  Af 

-(-2AoAfcosQT 

]xAf  ’ 

SNR"*^ 


27i(i-a:,a:j) 

[l+K,K,)x,t/' 


(16) 


where  ifi,2  coupling  coefficients  of  input  and  output 
optical  couplers,  Aq  =  .y(l-K|)(l-K2); 

A,  -  -.^KjKj  .  And  for  coherent  mode  of  operation 


SNR^^  =- 

SNR^ 


-f  2AlA^ +  cosnr)} 
AiA^[i-e-^-%hf 


) 

k,k}^ 

xAf 

(17) 


Expressions  (16)-(17)  for  Q]  ->  02  convert  to  the  well- 
known  results  [5]  for  one  modulated  optical  carrier. 

To  increase  SNR  it  is  necessary  to  make  K,K2  0, 
tliat  corresponds  to  the  replacement  of  branched  filter 
channel  by  nonbranched  one.  The  worst  SNR  corre¬ 
sponds  to  the  intermediate  case  T/xc  ®  1 .  when  due  to 
chromatic  dispersion  in  single  mode  fiber  the  biggest 
distortions  of  signal  and  noise  spectra  occur. 


Fig.  3.  Phase-frequency  characteristic 
and  signal-to-noise  ratio  variance  versus 
the  operating  point  factor  QT 


Conditions  for  optimum  phase  stabilizing  and  noise 
properties  being  independent  from  each  other  do  not 
coincide  in  the  same  PSL.  It  may  be  illustrated  by  com- 
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parison  of  output  UHF  phase  and  SNR  dependencies 
depicted  in  Fig.  3  for  PSL  used  in  experimental  study 
(Fig.  4).  Normalized  SNR  has  maximum  value  at  the 
left  end  of  phase  stability  zone  SNR  (45°)  ~  0.544  and 
drops  at  the  right  end  to  SNR  (135°)  ~  0.402.  Thus, 
during  phase  stabilization  of  transmitted  signal  the 
displacement  of  operating  point  from  the  center  of 
phase  characteristic  Q.T  =  90°  due  to  the  temperature 
change  of  delay  T  in  contours  of  the  filter  will  cause  the 
fluctuations  of  signal-to-noise  ratio 
ASM? «  0.14  •Tc.A//27t. 

EXPERIMENTAL  INVESTIGATION 

For  experimental  investigation  of  the  model  of  phase 
stabilized  fiber  channel  a  scheme  of  three-link  transver¬ 
sal  filter  was  fabricated  (Fig.  4).  Calculations  show, 
that  such  filter  can  ensure  the  level  of  phase  stability  of 
transmitted  signal  at  frequency  Q  =  2nfo  within 
Acp=±0,98°  in  the  area  of  phase  stabilization  A0=A(QT) 
=  90°  (Fig.  3),  where  T  =  2Ln/c  denote  the  delay  in 
filter  links.  The  given  form  of  phase  characteristic  is 
ensured  by  optic  couplers  coefficients:  Ki  = 
0,494/0.506;  K2=  0,661/0,339;  K3=  0,831/0,169. 


Fig.  4.  Experimental  configuration 
of  third  orders  transversal  optical  filter 


Construction  of  fiber  channel  consists  of  optical  cable 
with  seven  fiber  waveguides.  At  the  one  end  of  cable 
the  fibers  were  welded  in  pairs  and  were  formed  the 
filter  delay  links.  At  the  other  end  they  are  welded  with 
optical  couplers.  The  length  of  optical  cable  is  13,2  m, 
the  full  length  of  filter  delay  link  is  L=14,55  m,  that 
corresponds  to  the  frequency  periodicity  of  phase  char¬ 
acteristic  /=1/T=7,06  MHz. 

For  experimental  measurement  of  frequency  character¬ 
istics  of  the  proposed  channel,  an  optical  signal,  whose 
intensity  was  modulated  with  chirped  frequency 
/  =  0-^7  MHz  by  amplitude-frequency  analyzer,  was 
coupled  into  the  optical  fiber.  The  output  signal  was 
detected  by  a  photodetector.  Then  it  was  measured  by 
differential  phase-meter  or  amplitude  detector,  con¬ 
nected  w'ith  analyzer.  Therefore  w'e  can  see  amplitude- 
or  phase-frequency  characteristics  of  fiber-optic  filter. 
This  frequency  characteristics  registered  by  frequency 
analyzer  are  plotted  in  Fig.  3. 


To  measure  the  thermal  phase  shift  by  the  frequency 
method,  an  optical  signal,  whose  intensity  was  modu¬ 
lated  with  frequency  /o  =  399  MHz,  was  coupled  into 
tlie  optical  filter  set  in  an  oven.  The  exact  meaning  of 
frequency  fo  was  chosen  on  the  basis  of  above  men¬ 
tioned  experimental  results  as  the  central  frequency  of 
pseudoflat  region  of  the  57*^  period  of  filter’s  phase- 
frequency  characteristic  (£2T  =  nil  +  567t).  The  fiber 
temperature  could  be  increased  until  the  signal  delay 
alteration  at  the  filter  links  due  to  the  thermal  expan¬ 
sion  of  the  fiber  leads  to  the  leaving  an  operation  point 
QT  =  90°  out  of  stabilization  zone  A0.  That  is 

(18) 

720/(|« 

where  5i  «  5  cm  denote  the  possible  mistake  of  channel 
length  definition,  and  S=  12x10  ®  1/°C  is  a  thermal 
coefficient  of  phase  shift  of  optic  multimode  fibers, 
used  in  the  filler  construction.  The  fiber  channel  with 
above  mentioned  parameters  ensures  the  phase  stabili¬ 
zation  of  transmitted  signal  in  the  region  of  environ¬ 
ment  temperatures  AT  =  85°C.  That’s  why,  the  fiber¬ 
optic  channel  temperature  was  controlled  from  15°C  to 
100°C. 

The  optic  couplers  unit  was  set  out  of  the  oven  and 
didn’t  expose  to  the  influence  of  high  temperatures, 
because  optic  couplers  have  a  very  large  thermal  de¬ 
pendence  of  their  coefficients.  Figure  5  shows  the 
thermal  dependence  of  tlie  phase  shift  in  lengthened 
filter  and  optic  waveguide  with  same  geometrical  and 
material  parameters,  relative  to  the  phase  shift  at  15°C. 
The  measured  maximum  phase  shift  was  Aep  =  2.1°. 
This  value  is  one  of  the  same  orders  with  tliat  of  the 
modem  phase  feedback  systems. 


Fig.  5.  Thermal  dependence  of  transmitted  signal 
phase  shift  in  phase  stabilized  channel 
and  ordinary  single  fiber 
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Then  the  thermal  phase  coefTicieiU  in  stabilized  chan¬ 
nel  is  calculated  as; 

5  =  — £ — X  ^‘^^^^^1  =  2x10^'^  1/°C,  (19) 

Infj^Ln  AT 

that  is  about  6  times  less  compared  with  ordinary  single 
optical  fibers,  and  two  times  less  compared  with  ex¬ 
perimental  multilayered  phase  stabilized  single  fibers 
and  optical  cables.  Further  increasing  of  phase  stability' 
up  to  10  times  may  be  obtained  in  fiber  filters  of  IV*^' 
and  V'’  order. 
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INTRODUCTION 

Among  the  large  quantity  of  possible  optical  fiber 
channel  configurations  for  transmission  and  distribu¬ 
tion  of  microwave  and  millimeter  wave  antenna  signals 
the  channels  of  great  interest  are  the  fiber  links  with 
optical  fiber  amplifiers  operating  in  the  remote  hetero¬ 
dyning  mode.  These  channels  provide  simultaneous 
decision  of  the  two  principal  problems  of  analog  fiber 
links:  problem  of  insertion  loss  and  problem  of  fre¬ 
quency  bandwidth  [1].  Insertion  loss  level  in  fiber 
channel  with  direct  laser  diode  modulation  is  about  15- 
30  dB,  that  restricts  the  number  of  antenna  elements, 
fed  by  one  laser  diode  up  to  =  7. .  .25. 

The  basic  restrictions  on  modulation  bandwidth  of 
analog  signals  in  single  mode  fiber  channels  and  de¬ 
vices  on  their  basis  arise  mainly  at  the  expense  of  fre¬ 
quency  properties  of  the  optical  transmitter.  Intensity 
modulation  of  injection  laser  in  the  optical  transmitter 
can  be  performed  at  frequencies  up  to  5... 20  GHz 
(commercial  samples),  and  in  special  cases  -  up  to  60 
GHz.  The  ultrawide  band  modulation  is  accompanied 
by  multimode  oscillation  and  worsens  the  thermal  and 
noise  characteristics  of  the  laser;  therefore  practically 
used  modulation  frequencies  do  not  exceed  10  GHz.  So 
when  operating  frequencies  10  GHz  and  higher  are 
used  in  antenna  system  and  insertion  loss  should  not 
exceed  0  dB  it  is  necessary  to  use  another,  different 
from  basic,  fiber  channel  configurations  and  modes  of 
their  operation,  which  provide  mentioned  specifications 
with  guaranty. 

Those  are  the  fiber  channels  with  Er-doped  amplifiers 
(EDFA)  [2],  [3]  operating  in  remote  heterodyning 
mode,  Fig.  1,  distinguished  by  extremely  high  band¬ 
width,  providing  generation  and  transmission  of  mi¬ 
crowave  and  millimeter  wave  signals  without  necessity 
of  optical  source  modulation  in  these  frequency  do¬ 
mains  [4].  In  file  fiber  link,  depicted  in  Fig.  1,  the  ref¬ 
erence  frequency  is  formed  as  result  of  remote 

heterodyning  of  the  two  optical  carriers  with  frequen¬ 
cies  vq  ±  nff^  .  For  stabilization  of  reference  (beat  note) 
frequency  the  injection  laser  with  direct  frequency 
modulation  (FM)  at  frequency  is  used.  As  shown  in 
Fig.  1,  components  of  file  FM  radiation  spectrum  at 
frequencies  Vq  ±  ,  perfonn  external  phase  locking 

of  appropriate  optical  carriers. 


Fig,  1.  Structural  configuration  of  fiber-optic  channel 
with  Er-doped  optical  amplifier  and  spectra,  explaining 
remote  heterodyning  mode:  ML  -  master  laser  with  FM, 
SL1,2  -  slave  lasers 

In  this  paper  the  theoretical  analysis  of  spectral  char¬ 
acteristics  of  fiber  channel  with  erbium  doped  fiber 
amplifier  (EDFA)  in  remote  heterodyning  mode  is 
considered.  It  allows  estimating  the  performances  and 
opportunity  of  its  application  in  fiber-optic  systems, 
transmitting  and  distributing  the  analog  antenna  sig¬ 
nals. 
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SPECTRAI^NOISE  ANALYSIS 

Signal  and  noise  wave  components  of  optical  field, 
incident  upon  the  photodetector  from  the  output  of 
erbium  doped  fiber  amplifier,  can  be  expressed  as  fol¬ 
lows 


Es  (/)  =  ■y2G/^{cos(27tVi/  +  cp,  (/))+ cos(27CV2t  +  q>i  (/))) 

<  _  M 

Ej^{t)=  ^2NhvQ?>v  ^cos{27i(vo +^5v)/  +  (Pi.}.  (1) 

k=-M 

where  N  is  the  quantity  of  amplified  spontaneous  emis¬ 
sion  (ASE)  photons  at  the  output  of  amplifier;  Ps"  - 
average  input  signal  power;  Nh  vgdv  -  average  power  of 
amplified  spontaneous  emission  (ASE)  within  the  fre¬ 
quency  bandwidth  Sv,  vo  -  central  frequency  in  optical 
domain  ;  M  =  Bo/25v-  number  of  iiiterv'als  Jv' within 
the  optical  frequency  bandwidth  Bo,  (pi(t),  (P2(t),  9k  - 
random  phase  fluctuation  processes  of  laser  radiation 
and  ASE  noise  spectral  component  at  frequency' 
Vo+k5v. 

The  instantaneous  detector  photocurrent  through  the 
photodetector  with  quantum  efficiency  a  is  defined  by 
the  expression 


hvQ 

=  cos^  (27CVjr  +  cpi )  -I- 


+  IGPg'  cos^(27cv2r  +  92)  + 

-t- 4GP5"  cos(27ivp  +  cp]  )cos(27iV2t  +  (P2 )  + 


+  2A/'/iVo5vl 


M 


"i2 


^cos{27r(vo  +A'8v)/  -t-cp^. } 


k=-M 


i.e.  in  form  of  two  harmonic  fluctuations  at  sum  and 
difference  frequencies  with  random  phases 
(p^(r)  =  cpj  +(p2  and  cp_(/)  =  cpj  -92 .  only  one  of  which 
at  difference  (beat)  frequency  locates  inside  the  pass- 
band  of  photodetector.  Spectral  density  of  this  signal 
component  can  be  found  as  the  Fourier  transformation 
of  autocorrelation  function 


Ei  (t)  =  +  t))  -  (/(t))(/(t  +  x))  = 


aeGPl' 


(cos(A(bt  +  Acp_  (/,'r))) , 


(5) 


where  the  operation  of  time  averaging  is  given  by 

00 

equation  {f{x))=  jf{x)-P(x)dx. 

—  00 


It  was  noted  before  [1],  that  though  the  process  of  phase 
fluctuations  of  injection  laser  is  not  Gaussian  [5],  [6J 
and  corresponding  field  spectrum  is  not  pure  Lor- 
entzian,  in  the  most  of  practically  applicable  injection 
lasers  phase  fluctuations  A(p(t,T)  are  considered  to 
have  Gaussian  probability  density  function  [7]: 


p{A(p)  = 


V27i:cta<p 


e  2cr; 


A(p_ 

~l2 

Atp 


(6) 


where  Ca,,  -  depends  only  on  correlation  time  of  injeC' 
tion  laser  Ax.  And  dispersion  of  Gaussian  phase  fluC' 
tuation  process  is  linear  function  of  time  delay 


where  Acoo  is  laser  mode  3-dB  bandwidth.  Starting 
from  these  formulae,  it  might  be  shown  that: 


-t-  4-J JPs"  ATiVoSv  ^os(27iVir  +  (pi ) + cos(27tV2f + 92  )}^ 

M  ) 

X  ^cos{27t(vo -l-A:8v)t-l-9;t  }>  (2) 

k=-M  J 

The  DC  signal  component  of  photocurrent  is  deter¬ 
mined  as  time  average  of  first  and  second  terms  in  this 
formula 

1^  =  2/51  92  —2(jeGPf  lhv(j  .  (3) 

Signal  -signal  beat  frequency  component.  The  third 
tenn  in  (2)  corresponds  to  the  result  of  interferention 
on  the  photodetector  of  two  optical  carriers,  which  can 
be  rewritten  as  follows 

'5l-52W  =  -^^I^^l“s(27t(vi  +V2>  +  9i  +92)+ 

hvQ 

+  cos(2;i{vi  -  V2V  +  91 -92),  (4) 


R,(x)=2. 

V 


cjeGPj”  'f 

hvo  ^ 


cosArox  •  ^  2 


(8) 


where  Aco^  =2Ao)o  is  3-dB  bandwidth  width  of  beat 
frequency  spectrum  component.  The  spectral  density  of 
this  signal  is  then; 


n 


V 


cseGPf  f 


Aco^  /4  +  (co  —  Ao))^ 


(9) 


Signal-ASE  beat  noise  component  has  the  form: 

,.2\  4cs^e^GPf’mv 


[  A/  r  , 

^  /cos^  {27t(vo  - Vj  +  k?>v)t  +  9fe  -  + 

[k=-M  ^ 

+  ^cos^{27i(vo  +Vi  -i-A:5v)/  +  9^  +9i})]  + 
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M  M 

+  ^  ^  [(cos{27c(2  v’o  +  kSv  +  I8y)t  +  (p;;:  +  cp/ })  + 

k=-M  l=-M 

+  (cos{27i(2v2  +  I5v  -  k5v)t  +  (pi  -cp^.  +2cpi}^]  .(10) 

In  this  equation,  the  time  average  of  cross-terms  near 
doubled  frequencies  2vo  and  2^;  vanish.  The  power 
spectrum  of  tenn  with  frequency  Vfl+  vi  falls  outside  tlie 
frequency  bandwidth  of  photodetector  and  thus  it  can 
be  neglected. 

The  time  average  of  the  remaining  terms  with  frequen¬ 
cies  /  =  vq  -  vj  +k8v  is  equal  0.5,  and  it  is  possible  to 
show,  tliat  they  contain  two  components  within  the 
frequency  range  from  0  to  =Bo/2-|vo  -V]|  and 
only  one  component  within  the  range  from 

/min  “  VjI  to  /max  = -80/2 +|vo  -  Vi|  . 

Hence,  spectral  power  density  of  this  signal  is  uniform 
within  the  specified  intervals 


(iUsE-ASE  i^)Y  )  -  (14) 

2U2M 

-  2(ct^A'5v)^  ^  -  i)8vt  +  cp^t  “9/ )) 

l*k 

In  this  formula  we  assumed,  that  time  average  of  terms 
with  random  uncorrelated  phases  is  equal  to  zero.  Fur¬ 
ther  analysis  shows  that  this  equation  contains  2M-1 
terms  at  frequency  Sv,  2M-2  terms  dX  2 5v,...,  one  term 
at  (2M-l)^yand  no  tenns  are  at  frequency  IMSv.  The 
same  number  of  corresponding  terms  with  negative 
frequencies  and  opposite  phases  is  also  existing.  Thus 
the  spectral  density  near  zero  frequency  takes  the  value: 

^ASE-ASE  (O)  =  2  •  IM  [aeNhvf  fdv  =  2a^e^N%  ,(15) 

and  decreases  linearly  with  frequency  to  vanish  at  v  = 
Bo-  The  total  ASE  noise  power  falling  into  the  elec¬ 
tronic  bandwidth  of  photodetector  is  then  given  by: 


^Sl~ASE  - 


Aa^e^GlfN 


hvQ 

la^e^GP^N 


/IVq 

0 


0<f<fL 

/mm^/^/max  .(H) 
/  ^  /max 


and  tlie  total  power  of  signal-ASE  beat  noise  tenn 
isi-ASsi^)  electronic  bandwidth  Be  is  then  given 


by 


a 


2 

SI- ASE 


4a^e^GP^''NB^ 


Hvq 

la'^e'^GP'^N 


hvr 


/min  } 


Be  >  /min 


The  similar  expressions  for  is2-ASE{^)  photocurrent 
component  can  be  obtained  by  replacement  of  fre¬ 
quency  V]  on  V2. 


ASE-ASE  beat  noise  component.  We  focus  next  on  the 
ASE-ASE  beat  noise  component,  which  can  be  rewrit¬ 
ten  as 

'ASE-ASE{t)  = 

M  M 

~aeN8v  ^  ^[cos{27i:(A:-/)5v/  +  (p^ -(p/}+ 

cos{27r[2  vq  +  {k  +  /)5v  jt  +  cpi- +cp/}].  (13) 


The  tenns  oscillating  at  doubled  optical  frequency  don’t 
fall  into  the  photodetector  bandwidth,  while  the  terms 
with  frequencies  (k  -  l)Sv  yield  nonzero  contributions 
for  k  =  I,  corresponding  to  the  mean  DC  photocurrent. 
The  rest  of  spectral  components  oscillating  at  optical 
frequency  {k  -  /)5v ,  determine  the  ASE  noise  power 


2  j2  2.Bg  f  Aco^ 

'^ASE-ASE  =  ~ ^ 

The  spectral  density  of  different  components  of  photo- 
current,  determined  by  above-stated  equations,  and 
their  total  sum  are  illustrated  in  Fig.  2.  This  result  in 
particular  case  vi  =  V2,  Av  =  0  and  absence  of  phase 
fluctuation  of  injection  laser  radiation  coincides  with 
expressions  given  in  [2]  for  the  case  of  single  non- 
modulated  optical  carrier  at  the  output  of  EDFA). 


Fig.  2.  Power  spectral  densities  of  photodetector  signal 
and  noise  beat  components  at  the  output  of  EDFA 


SIGNAL-TO-NOISE  RATIO  ANALYSIS 

The  signal-to-noise  ratio  (SNR)  can  be  determined  as 
follows 


<^cl 


(17) 
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where  is  the  magnitude  of  signal  photocurrent  at 
frequency  a  =  Aco;  oj  is  the  total  noise  power  falling 
into  the  photodetector  bandwidth.  Noise  power  can  be 
expressed  as  the  sum  of  different  noise  components  of 
EDFA  and  photodetector  [1] 

2  2  2  2  2 
'^d  ='^S\-ASE  +  '^S2-ASE  +  ^ASE-ASE  H  8) 

2  2  ^ 

^ shot  ^beat 


(19) 

ao) 

where  m  is  the  number  of  amplifier  ASE  modes  (jn  =  2 
in  case  of  single  mode  EDFA  without  polarizer  between 
EDFA  and  photodetector).  Substituting  these  fonnulae 
into  expression  for  SNR,  we  can  rewrite  it  as 


Fig.  3.  Maximum  number  of  channels  in  antenna  signal 
distribution  system,  fed  by  single  optical  source 


In  this  formula  aa,^  denotes  the  photodctector  thennal 
noise,  and  other  two  terms  are  associated  with  photo¬ 
detector’s  shot  and  beat  noise  respectively.  As  was 
shown  in  [2],  these  terms  are  detennined  by  the  fol¬ 
lowing  expressions 


Sm^/^(nAa)s)  * 


B. 


2B, 


B, 


Aco'l 


2Tt  J 


+  (l  +  +  eB^  {Is  +2ml}^) 

R 


-1-1 


(21) 


Plot  of  this  function  is  shown  in  Fig.  4  as  a  function  of 
EDFA  gain  factor  G.  To  calculate  it  the  following  most 
typical  values  of  parameters  were  taken;  cr  =  1,  F  =300 
K,  Xs  =  1.5  pm,  Ps"  =  100  nW,  Bo  =  10  GHz,  B,  =  200 
Hz,  /?  =  50  Q.  Left  half  of  the  diagram  illustrates  the 
effect  of  each  noise  component  on  the  total  signal-to- 
noise  ratio.  The  figure  shows  that  the  amplifier  operates 
in  two  regimes:  at  low  gains  the  SNR  is  determined  by 
the  dominant  photodetector  thermal  noise;  at  high 
gains  the  signal  where  SE  beat  noise  components  are 
dominant. 


This  analysis  allows  calculating  the  maximum  number 
N  of  channels  in  antenna  signal  distribution  system,  fed 
by  single  optical  source  [8].  Number  of  channels  is  the 
synthetic  parameter,  which  is  very  important  for  an¬ 
tenna  system  designers.  It  determines  the  competition 
ability  of  fiber-optic  distribution  system,  compared  with 
traditional  microwave  transmission  lines.  For  fiber  link 
configuration  of  Fig.  1,  Nis  given  by 


Fig.  4.  Dependence  of  signal-to-noise  ratio  versus  EDFA  gain  factor 
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■^max  (22) 

where  lnt{...)  is  an  integer  part  operator;  is  the 
input  photodetector  optical  power;  is  the  photode¬ 
tector  sensitivity,  defined  as  minimum  P,„,  proving  SNR 
=  1.  The  dependence  of  Nmax  on  SNR  in  antenna  chan¬ 
nel  is  depicted  in  Fig.  3.  Figure  sho\\'S,  that  fiber  link  of 
standard  configuration  without  fiber  amplifier  with 
typical  SNR  =  5-10"...5-I0'^  in  1  Hz  bandwidth  pro¬ 
vides  7.  Configuration  of  Fig.  1  with  EDFA  gain 
factor  G  =  15...20  dB  allows  to  increase  the  number  of 
simultaneously  feeding  channels  up  to  Nmax  -  20. .  .200, 
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INTRODUCTION 

Tunable  bandpass  microwave  filters  are  widely  used  in 
telecommunication  systems.  In  transmit  stations  ferrite 
or  mechanically  tunable  waveguide  filters  are  com¬ 
monly  used  due  to  capability  to  transmit  high  power 
levels. 

The  principal  disadvantage  of  mechanically  tunable 
filters  built  upon  traditional  inductive  or  capacitive 
discontinuities  is  a  considerable  alteration  of  bandwidth 
under  the  variation  of  resonance  frequencies  of  the 
resonators.  Bandwidth  of  filters  with  inductive  discon¬ 
tinuities  is  becoming  narrower  under  tuning  to  the 
lower  operating  frequencies.  In  contrary,  a  bandwidth 
alteration  of  filters  with  capacitive  discontinuities  has 
an  inverse  dependence  under  tuning  and,  what  is  more, 
its  steepness  is  less  then  for  the  filters  with  inductive 
discontinuities.  But  in  the  event  of  capacitive  disconti¬ 
nuities  transmit  power  level  is  essentially  decreased  due 
to  small  gaps  between  their  ridges. 

In  this  paper  a  new  approach  to  building  mechanically 
tunable  bandpass  filters  with  a  near  constant  bandwidth 
is  proposed.  The  main  feature  of  the  approach  is  a 
combination  of  inductive  and  capacitive  discontinuities 
to  build  resonators.  In  order  to  illustrate  the  new  ap¬ 
proach  ail  adequate  mathematical  model  for  tlie  filter 
has  been  developed  and  a  tunable  waveguide  narrow 
bandpass  filter  prototype  with  near  constant  bandwidth 
has  been  designed,  developed,  constnicted  and  tested. 

THEORY 

A  key  element  to  build  the  filter  structure  is  a  cascade 
connection  of  capacitive  and  inductive  discontinuities 


showm  in  Fig.  1.  The  capacitive  discontinuity  is  formed 
by  two  rectangular  ridges  of  a  certain  length  which  are 
disposed  symmetrically  relatively  to  the  vertical  and 
horizontal  symmetry  planes  of  the  filter.  The  inductive 
discontinuity  is  made  in  the  form  of  septum  dividing  a 
standard  rectangular  waveguide  into  two  equal  below- 
cutoff  rectangular  waveguides.  By  combining  disposi¬ 
tions  of  key  element  one  can  obtain  different  variants  of 
the  tunable  filters. 

To  design  the  filter  one  should  know  a  generalized 
scattering  matrix  of  the  key  element  waveguide  struc¬ 
ture.  That  matrix  can  be  calculated  by  combining  gen¬ 
eralized  scattering  matrices  of  capacitive  and  inductive 
discontinuities  and  the  regular  waveguide  section  be¬ 
tween  them.  We  shall  build  an  high  efficiency  algo¬ 
rithm  to  calculate  a  generalized  scattering  matrix  of  the 
single  discontinuity  by  consideration  all  symmetry 
planes  of  the  discontinuity.  With  taking  into  account 
longitudinal  and  transverse  symmetry  planes  the  mod¬ 
els  of  the  capacitive  and  inductive  discontinuities  are 
transformed  to  the  form  shown  in  Fig.  2  and  3  respec¬ 
tively.  Taking  into  consideration  the  longitudinal  sym¬ 
metry  planes  allows  to  simplify  the  problem  of  calcu¬ 
lating  coupling  coefficients  of  the  eigenmodes  of 
waveguides  to  be  connected.  Use  of  transverse  plane  of 
symmetry  for  the  discontinuities  allows  to  simplify 
essentially  the  calculation  of  generalized  scattering 
matrices  of  the  discontinuities. 

To  calculate  the  generalized  scattering  matrices  we 
used  the  integral  equation  method  [1].  Each  single 
discontinuity  is  formed  by  three  partial  regions  and  has 
two  common  boundaries.  Therefore,  both  discontinui¬ 
ties  can  be  described  by  the  same  system  of  integral 
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equation.  With  taking  into  consideration  identity  of 
fields  at  both  sides  of  each  discontinuity  we  have  ob¬ 
tained 

2  2 

v=:l  m-]  n=\ 

=  27  'F 

qp  ^  qp-* 

^=1,  p^\X...,Pi, 

q=2,  p=1,2,--;P2> 

2 

7  7  tmPlpn  ~P\fm  )+ 

A/=l  «=1  (1) 

2  AT. 

v=l  m=l 

with  ^A:vm  ~  > 

Pk\in  ~  > 

Ppr,  =  c/jYp,/ , 

where  is  a  number  of  modes  of  unit}'  amplitude  of 
magnetic  (g  =  1)  and  electric  (<?  =  2)  types  which  are 


alternatively  incident  onto  the  discontinuity  from  tlie 
left,  E]^  is  an  unknown  tangential  electric  field  at  a  ^  - 
th  (^=1,2)  coupling  aperture  for  each  mode  incident 
onto  discontinuity,  and  are  orthonormal- 

ized  vector  eigenfunctions  of  a  regular  rectangular 
waveguide  and  a  coupling  section  of  magnetic 
(v,p  =  l)  and  electric  (v,p  =  2)  types,  and 

are  modal  admittances  corresponding  to  the 
eigenfunctions,  is  a  propagation  constant  of  H„  - 
mode  ( =  1)  and  E„  -mode  ( p  =  2)  in  the  coupling 
section  (mode  numbering  is  given  by  one  index  in  order 
of  cutoff  frequencies  increasing),  AFy  and  are 

numbers  of  eigenmodes  of  magnetic  (v,p  =  l)  and 
electric  (v,p  =  2)  types  taking  into  account  in  the 
regular  rectangular  waveguide  and  tlie  coupling  sec¬ 
tion,  s;,  is  a  square  of  the  k  -th  coupling  aperture,  /  is 
a  length  of  the  coupling  section. 

For  each  mode  incident  onto  discontinuity  we  trans¬ 
form  system  of  equations  (1)  into  two  independent 
integral  equations  relatively  to  sums  and  differences  of 
tangential  electric  fields  at  the  coupling  apertures.  We 
form  sum  and  difference  of  the  first  and  second  integral 
equations  (1)  for  each  mode  incident  onto  discontinuity. 
This  correspondents  to  the  disposition  at  the  symmetry 
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plane  magnetic  (r  =  1)  and  electric  (r  =  2)  walls. 
After  some  transformations  we  derived 


2 


2 


r/jny  fin  fin  ^  rfin 


v=l  m=l 


=  2V  'V 

^  IP  gp' 


fi=\  n=\ 


(2) 


with 


^  =1,  p=\,2,.-;P\  , 

q=2,  p  =  1,2,...,P2, 


C  =  { F  ds 

^  rvw  W  r  ^  wi^  > 


P^r\m  ~  J* > 
Fy=Ex+E2,F2^E^-h. 

Qlifn  ~^^(yh«^/2)>  Q2fui  “  ^^^(Y)4/i^/2)- 


To  solve  the  system  of  equations  (2)  we  applied 
Galerkin’s  method.  We  represented  sum  (/■=!)  and 
difference  (r  =  2)  tangential  electric  fields  for  each 
mode  incident  onto  discontinuity  by  expansions  into 
scries  of  vector  eigenftinctions  of  the  coupling  section 


2  ^ 

H=1 «=1 

where  are  unknown  coefficients,  are  vector 

eigenfunctions  of  the  f  -  region  (Fig.  2)  for  capacitive 
discontinuity  and  tliose  for  below-cutoflf  rectangular 
waveguide  (Fig.  3)  for  inductive  discontinuity. 

Substituting  (3)  in  (2)  and  performing  transfonnations 
in  accordance  with  Galerkin’s  method  we  derived  for 
each  discontinuity  the  following  two  (r  =  1,2)  systems 
of  linear  algebraic  equations  with  P-P1+F2  right- 
side  parts 


2 

EE*- 

fl=l  H=1 

=  27 

qp'lvp  > 


2 


y /inQrjm^/iu^nv  ^  ^  vm^vm 


v=l  m=l 


M=l,  v  =  l,2,...,A,, 
u=2,  v=1,2,...,N2  , 
q=l,  p=l,2,...,P^  , 
q=2,  p=\,2,...,P2  , 


(4) 


where  77^,^''^  =  coupling  coefficients  of 

eigenmodes,  and  5„„  are  Kronecker  symbols. 


By  solving  the  system  of  linear  algebraic  equations  (4) 
with  P  right-side  parts  under  a-  =  1,2  we  detennined 
distributions  of  tangential  electric  fields  at  the  first  and 
second  coupling  apertures  of  the  corresponding  discon¬ 
tinuity.  After  that  we  calculated  elements  of  the  dis¬ 
continuity  generalized  scattering  matrix  using  coeffi¬ 
cients  A]^ . 

The  feature  of  the  mathematical  model  of  the  inductive 
discontinuity  is  availability  both  magnetic  H and 
electric  E„,„  modes  with  index  n  in  its  mode  spec¬ 
trum  which  are  caused  by  presence  of  capacitive  dis¬ 
continuity  in  the  filter  key  element.  This  is  a  reason  to 
consider  diffraction  problems  of  the  modes  with  index 
77  5*0  at  the  septiun  for  each  n  =  1,2,...  separately  and 
then  summarize  obtained  results. 

RESULTS  OF  DESIGN  AND  TESTING 

Using  the  derived  fonnulas  and  equations  an  algorithm 
and  a  program  package  for  calculation  of  frequency 
characteristics  of  the  separate  resonators  and  the  whole 
filter  have  been  developed.  In  order  to  confinn  experi¬ 
mentally  correctness  of  the  developed  theory  a  proto¬ 
type  of  the  narrow  band  5-resonator  bandpass  filter 
(Fig.  4)  with  maximally  flat  frequency  response  of 
insertion  loss  has  been  designed,  constructed  and 
tested.  Tuning  the  filter  is  performed  by  the  rods  intro¬ 
duced  into  each  resonator. 


Fig.  4 


The  filter  prototype  insertion  loss  versus  frequency  at 
the  three  specified  operating  frequencies  within  tuning 
frequency  range  are  shown  in  Fig.  5.  Solid  line  relates 
to  the  lower  operating  frequency,  dashed  line  -  to  the 
medium  operating  frequency  and  dashed-dotted  line  - 
to  the  upper  operating  frequency.  Data  of  measure¬ 
ments  are  depicted  by  crosses. 

Calculated  (solid  line)  and  measured  (crosses)  data  of 
the  fitter  prototype  insertion  loss  near  by  pass  band  at 
upper  operating  frequency  are  shown  in  Fig.  6.  One  can 
observe  in  Fig.  5  and  6  that  theoretical  and  experimen¬ 
tal  results  are  in  a  good  agreement  all  over  the  tuning 
frequency  range.  The  measured  filter  pass  band  at  the 
level  0.5  dB  from  the  level  of  insertion  loss  at  the  cen- 
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tral  frequency  is  equal  35  ±  2  MHz  all  over  the  tuning 
frequency  range  13  %.  Insertion  loss  in  pass  band  all 
over  tlie  tuning  frequency  range  is  less  then  1.2  dB. 
Measured  VSWR  is  maximal  at  ends  of  tuning  fre¬ 
quency  range  and  is  below  1.4.  Insertion  loss  values  at 
frequencies  /q  ±  60  MHz  are  more  than  50  dB  and  at 
/q  ±  130  MHz  are  more  than  85  dB. 

CONCLUSION 

A  new  approach  to  building  tunable  bandpass  filters 
with  near  constant  bandwidth  all  over  wide  tuning 
frequency  range  has  been  proposed.  The  essence  of  the 
idea  is  in  an  successful  combining  inductive  and  ca¬ 
pacitive  discontinuities.  An  adequate  mathematical 
model  of  the  filter  based  on  generalized  scattering  ma¬ 
trix,  obtained  by  using  the  integral  equation  method  for 
solving  diffraction  problems  for  single  discontinuities, 
has  been  developed.  A  tunable  bandpass  C-band  filter 
prototype  with  a  near  constant  bandwidth  in  the  tuning 
frequency  range  13  %  has  been  designed,  constructed 
and  tested.  Testing  the  filter  prototype  has  verified  high 
accuracy  of  the  mathematical  model  that  exclude  en¬ 
tirely  necessity  of  any  adjusting  of  tunable  filter  after 
fabrication.  Due  to  a  near  constant  bandwidth  over  a 
wide  tuning  frequency  range  the  developed  mechani¬ 
cally  tunable  waveguide  filters  open  new  possibilities  in 
realization  high  efficient  and  cost  effective  frequency 
tunable  transmit  stations  for  various  telecommunication 
systems. 
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Microwave  transducers  gained  a  wide  distribution  at 
realization  of  non-destructive  materials  control,  both 
during  manufacture,  and  at  output  trials  stage.  The 
analytical  measuring  instruments  based  on  their  appli¬ 
cation  allow  to  define  a  wide  spectrum  of  parameters  of 
dielectric  materials.  When  designing  such  devices  the 
essential  difficulties  arise  during  carrying  out  precom¬ 
putations.  At  this  stage,  it  is  necessary  to  obtain  trans¬ 
formation  functions  between  required  parameters  of 
checked  objects  and  transducer  output  parameters.  For 
tliis  purpose,  it  is  necessary  to  find  a  rigorous  solution 
of  an  electromagnetic  problem,  having  rather  intricate 
boundary  conditions,  as  a  rule.  Therefore,  the  develop¬ 
ers  usually  refiisc  from  a  solution  of  an  inverse  problem 
allowing  to  find  an  optimum  transducer's  construction, 
and  use  the  multiple  approach  to  a  direct  problem  with 
different  input  conditions.  Creation  of  convenient  for 
use  calculation  algorithms  of  microwave  transducers 
allows  to  essentially  reduce  period  of  designing. 


In  this  report  the  numerical  algorithm  and  the  calcula¬ 
tion  program  of  a  capacity  cavity  microwave  transduc¬ 
ers  with  a  small  aperture  is  presented.  Advantage  of 
these  transmitters  is  absence  of  fields  with  multivalence 
in  transformation  functions,  high  responsivity,  good 
resolution  in  space  and  construction  simplicity.  The 
transducer  comprises  the  coaxial  cavity,  tliin  coaxial 
(with  fast  damping  of  higher  modes)  and  measuring 
aperture  in  the  flat  screen  (Fig.  1).  Such  transducers 
allow  to  define  both  electrophysical  parameters  of  ho¬ 
mogenous  samples  and  integral  characteristics  of  lay¬ 
ered  samples. 

The  calculations  algorithm  is  based  on  the  use  of 
Galerkin's  method  ideas  and  different  projection  meth¬ 


ods  variants  [1].  The  problem  algebraization  is  carried 
out  by  use  of  an  approximate  problem  solution's  or¬ 
thogonality  requirement  to  a  zero-element  of  a  function 
space,  on  wliich  it  is  found.  Usually  as  such  zero- 
element  pick  the  relations  following  from  continuity 
condition  of  solution  to  be  found  on  conditional  divi¬ 
sion  bounds  of  a  system  into  regular  areas  [2]. 

Depending  on  desired  solution's  presentation  it  is  pos¬ 
sible  to  distinct  variants  of  this  method  based  on  tensor 
Green's  function  application  [3]  and  eigenfunctions  of 
regular  partial  domain  of  simple  shape. 

In  this  case  magnetic  and  electrical  field's  representa¬ 
tion  in  explored  domain  through  magnetic  currents  and 
corresponding  Green's  tensors  for  Maxwell's  equations 
equivalent  to  tangential  component  of  electric  field  is  a 
common  for  method's  variant  based  on  application  of 
Green's  functions 

H(r)-|r22(r,r')-J  (r')dS'; 
s 

E(r)  =  |ri2(r,r').J  (r')dS'; 
s 


where  S  is  the  conditionally  selected  section,  in  which 
there  are  magnetic  currents;  n  is  normal  to  this  sec¬ 
tion;  Es  is  the  unknown  electrical  field  in  the  section. 

Thus,  it  is  convenient  to  represent  a  field  in  the  sepa¬ 
rate  conditionally  selected  regular  parts  of  a  system 
tlnough  equivalent  magnetic  currents  on  bound  sec¬ 
tions  of  these  parts.  The  unknown  field  Es  can  be 
expressed  tlirough  the  section  eigenfunctions  being 
solutions  to  the  homogeneous  two-dimensional  Helm¬ 
holtz  equation  under  the  corresponding  boundary  con¬ 
ditions 

Es  = 

k=l 

Using  conditions  of  equality  of  electric  field  compo¬ 
nents  on  ideally  conductive  boundaries  to  zero  and 
tangential  components  of  electrical  and  magnetic  fields 
on  both  sides  of  media  interface,  it  is  possible  to  obtain 
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n=+0  -  Ht|n=-0 /•  ek  ds  = 
s 

/  Z  ak  JrL  fr.  !■')  •  ek  (r')  •  r'dr'd  ■  e;  (r)  •  rdrd  (p  - 

Sk=l  S' 

-  J  Z  ak  J ^22 (r.  i")  •  ek  (r')  •  r'dr'd  (p'  ■  ei  (r)  •  rdrd ^  =  0 

sk=i  s' 

The  recurrent  relations  allow  to  reduce  a  solution  of  the 
problem  botli  in  a  cavity  volume,  and  in  volume  of  a 
sample  to  one  common  surface.  The  choice  of  location 
of  this  surface  and  field  on  it  will  define  an  accuracy  of 
all  solution.  For  the  resonator  shown  in  Fig.  1  it  is  the 
most  convenient  to  select  section  Z]  in  the  middle  of 
thin  coaxial  as  such  a  surface,  since  the  field  in  it  the 
most  precisely  corresponds  TEM  wave. 

The  calculation  algorithm  scheme  of  a  cavity  micro- 
wave  transducer  loaded  with  a  layered  dielectric  is 
shown  in  Fig.  2. 

At  the  first  stage  of  calculation  the  parameters  of  the 
cavity  (radii  and  the  length  of  tire  body  and  the  central 
stub;  the  capacity  clearance  size,  material  of  the  reso¬ 
nator)  and  parameters  of  a  layered  sample  (thickness  of 
layers,  value  of  a  complex  inductivity  for  each  layer) 
are  given.  Further,  using  4-th  order's  approximation  the 
solution  of  the  transcendental  equation  in  the  cavity's 
areas  I-III  for  definition  of  the  radicals  and  norms  in 
each  area  is  made.  In  this  case  the  maximum  accuracy 
of  solution  is  assumed  and  equals  10-12  characters  of  a 
mantissa.  The  next  step  of  the  solution  is  tlie  calcula¬ 
tion  of  magnetic  fields  on  the  part  of  the  cavity  and 
sample  separately  in  a  frequency  band.  The  recurrent 
relations  based  on  equality  of  tangential  components  on 
areas  boundaries,  allow  to  represent  a  magnetic  field  as 
a  particular  integral,  whose  numerical  solution,  in  our 
case,  is  obtained  by  the  high-performance  numerical 
metliod,  which  uses  quadratures  of  Newton-Cotes. 
Thus,  the  accuracy  is  reduced  down  to  9  mantissa  char¬ 
acters.  After  definition  of  magnetic  fields  the  calcula¬ 
tion  of  TEM-mode  amplitude  dependence  on  a  fre¬ 
quency  band  is  perfonned.  At  this  stage  tlie  same 
program  of  integration  is  used  again.  The  accuracy  is 
already  8  characters  of  a  mantissa.  Further,  TEM-mode 
amplitude  dependence  on  frequency  in  sample  Asan,(f) 
and  cavity  A^;av(f>  are  replaced  with  an  approximating 
polynomial,  whose  degree  is  defined  by  a  number  of 
frequency  points,  it  is  usually  4-6.  It  allows  to  obtain 
results  with  an  error  in  6-7  sign  of  a  mantissa.  The 
similar  reduction  of  accuracy  at  each  stage  allows  to 
use  software  of  automatic  accuracy  achievement  with¬ 
out  extra  analytical  research  each  time.  For  definition 
of  resonant  frequency  fo  the  equation  -  A:av(f)  = 

0  is  solved.  Finally  the  magnetic  field  calculation  of  all 
system  at  frequency  fo  is  perfonned. 

In  the  program  the  application  possibility  of  iterative 
methods  of  this  equation  solution  with  returning  to 
initial  calculation  of  fields  is  provided.  However,  test 


calculations  have  shown,  that  the  exact  solution  is 
enough  for  obtaining  accuracy,  required  in  practice. 


Fig.  2 


The  program  is  worked  out  in  Borland  C  +-i-  Builder 
and  works  under  the  control  of  operating  systems  Win¬ 
dows  95/98/NT.  The  program  has  the  convenient  user 
interface  and  allows  to  calculate  both  a  capacity  micro- 
wave  transducer  of  an  aperture  type,  and  cylindrical 
microwave  transducer  loaded  with  a  layered  dielectric 
sample. 
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The  resonance  diaphragms  are  widely  used  in  the  an¬ 
tenna  and  microwave  equipment  as  matching  elements, 
filters,  decoupling  elements  etc.  As  a  rule  the  single¬ 
element  resonance  diaphragms  or  tlieir  serves  along  the 
direction  of  the  wave  propagation  are  used.  Using  the 
multielement  resonance  diaphragms  may  cause  addi¬ 
tional  resonance  couplings,  changing  the  resonance 
frequency,  matching  the  input  and  output  of  power 
electron  microwave  devices. 

This  paper  focuses  on  the  theoretical  description  of  the 
wave  propagation  or  excitation  of  oscillations  in  the 
resonance  system  with  a  limited  number  of  the  reso¬ 
nance  diaphragms. 

PROBLEM  FORMULATION  AND  SOLUTION 

The  resonance  system  with  volumes  coupled  by  means 
of  multielement  resonance  slot  diaphragms  of  finite 
thickness  h  (Fig.  1)  is  considered.  The  number  of  slot 
elements  is  equal  to  N.  The  solution  of  the  problem  will 
be  obtained  with  partial  region  technique  using  Flo- 
quet's  theorem.  The  non-uniformity  of  the  system  leads 
to  the  necessity  of  solving  a  vector  problem,  because 
polarizations  arc  not  separated. 


Fig.  1.  Resonator  with  the  multielement  slot  diaphragm 


In  each  of  the  partial  regions  the  fields  are  determined 
in  the  form  of  a  combination  of  two  Hertz's  vectors  - 

electrical  and  magnetical  . 

The  Helmholtz  equation  solutions  for  Hertz's  vector 
n®and  are  represented  in  the  form  of  the  expan¬ 
sion  of  eigenmodes  of  the  infinite  periodical  structure 
consisting  of  the  same  elements  as  the  resonance  dia¬ 
phragm.  Such  a  method  allows  to  represent  the  fields  in 


the  region  of  resonators  in  the  fonn  of  the  superposition 
of  the  limited  number  of  oscillation  modes.  The  number 
of  these  modes  is  connected  with  the  index  N.  Furtlier- 
more,  the  field  of  every  oscillation  mode  independently 
on  the  others  is  satisfying  to  all  the  necessary  boundary 
conditions  the  use  of  which  in  the  corresponding  planes 
of  the  oscillating  system  leads  to  a  uniform  system  of 
linear  algebraic  equations  in  relation  to  the  amplitudes 
of  the  field  harmonics.  Equality  of  the  determinant  of 
this  system  to  zero  detennines  the  resonance  wave 
number  values  of  tlie  oscillation  mode  p  =  0,1,2...V.  In 
fact  the  wavelength  X  is  more  than  the  one  of  the  sizes 
of  the  resonance  slot,  the  analytical  expression  of  the 
characteristic  equation  may  be  written  with  the  help  of 
the  second  order  determinant: 


1  -  0i02«Scfg(pio  6i02S(sin(pio)  ^ 
0l02Ssin(pio  1  -  0i02Scfsrcp-io 


=  0, 


where  0i  and  02  are  the  slot  sizes,  which  are  normal¬ 
ized  on  the  structure  period  i ; 

(pio  =  —^-(£/2af  ,  K  =  — .  S  and  S are  deter- 
£  X 

mined  by  the  double  series  on  transverse  oscillation 
indices,  the  series  converge  quickly  and  hence  may  be 
represented  explicitly. 

ANALYSIS  OF  THE  RESULTS  OBTAINED 

The  multicoupled  region  causes  the  existence  of  LFM- 
waves  in  such  a  system  at  the  selected  frequency.  An¬ 
other  peculiarity  of  the  structure  under  consideration  is 
practical  coincidence  of  phase  velocity  of  some  spatial 
harmonics  of  different  oscillation  modes,  which  allows 
to  excite  the  field  with  different  spatial  distribution 
without  tuning  the  resonator.  The  multielement  dia¬ 
phragms  cause  the  emergence  of  passbands  and  stop- 
bands,  the  width  of  which  depends  on  the  correlation  of 
the  wavelength  and  geometrical  dimensions  of  the 
system.  A  variation  of  the  diaphragm  thickness  leads  to 
displacement  of  short-wave  limit  of  the  passband  in  the 
direction  of  greater  values  of  X  . 

The  obtained  system  of  equations  for  determining  the 
eigen  resonance  frequencies  of  different  oscillation 
modes  may  be  transformed  into  the  form  suitable  for 
analysis  of  the  problem  of  exciting  the  multielement 
diaphragm  by  the  waveguide  type  of  the  wave. 
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The  algoritlim  of  S'-matrix  calculation  for  generalized 
junction  between  complicated  waveguides  with  arbi¬ 
trary  piecewise  boundaries  is  described.  The  main  goal 
is  to  generalize  the  mode-matching  procedure  on  the 
wide  class  of  objects  to  provide  the  possibility  of  exact 
electromagnetic  analysis  for  the  very  complicated 
structures  from  microwave  devices  as  itself  up  to  mul¬ 
tilayer  integrated  circuits. 

The  structures  being  considered  can  be  treated  as  the 
junctions  of  several  waveguides  (WG)  with  piecewise 
coordinate  boundaries  (Fig.  1),  From  application  point 
of  view  they  may  be  broken  into  the  following  groups: 
1)  immediate  fragments  of  microwave  devices,  2)  such 
fragments  witli  smooth  boundaries  that  are  approxi¬ 
mated  by  stepped  surfaces  [1,  Orlov  Electr  Letters],  and 
3).  the  complex  multilayer  ceramic  electronic  circuits 
that  have  to  be  investigated  at  very  high  frequencies 
from  point  of  view  internal  electromagnetic  interaction 
and  so  on. 

Consider  the  step  junction  of  P  different  waveguides 
(numbered  asp  =  “1”,  “2”  ...”P  ”)  with  tlie  “main  ”0”- 
waveguide. 

It  is  supposed  that  cross-sections  of  all  of  P  small 
waveguides  are  placed  within  the  cross-section  of  the 
main  waveguide.  In  the  opposite  case  we  may  introduce 


an  intermediate  virtual  waveguide  of  zero-length.  A 
rectangular  waveguide,  the  cross-section  of  which  is 
formed  by  four  “extreme”  lines  among  all  of  cross- 
sections,  including  the  “main  “  waveguide,  is  the  most 
advantageous  to  play  this  role  as  its  mode  basis  is  the 
simplest  one.  After  that  the  problem  may  be  reduced  to 
the  calculation  of  two  corresponding  step  junctions  S- 
matrixes  and  using  the  well  known  generalized  S- 
matrixes  technique  (GSMT). 

The  problem  of  i'-matrix  calculation  for  a  junction 
being  considered  is  reduced  to  two  ones:  search  of 
WG's  eigen-spectrums  and  the  calculation  of  the  matrix 
of  coupling  coefficients.  Applying  the  Transverse 
Resonance  Method  (TRM)  [2,  3]  to  find  the  set  of  ei¬ 
gen-frequencies  and  eigen  modes  we  obtain  the  eigen- 
fields  that  is  specified  by  the  series  of  Fourier  coeffi¬ 
cients  for  each  of  sub-regions  of  WG  cross-section 
(Fig.  1).  It  forces  the  definite  way  of  describing  the 
configurations  of  WGs  that  are  joined.  These  configu¬ 
rations  are  naturally  broken  into  the  set  of  sub-regions 
in  the  form  of  rectangles.  Let  us  number  these  rectan¬ 
gles  for  the  “p” -waveguide  cross-section  from  j(p)^0  up 
to  j(p)=J(p).  In  this  manner  tlie  cross-section  of  “p”- 
waveguide  may  be  specified  completely  by  the  ma¬ 
trix  G  ^  {  G{jip),  k] }  ,  where 


Fig.  1.  Step  junction  of  waveguides  with  piecewise  linear  boundaries 
and  partitioning  their  cross-sections  into  the  sets  of  rectangles 
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G,[;, 

G^[;- 

G,D-3]  =  ^^^'^'» 


o  X 

Fig.  2.  Partial  sub-region  of  “p" -waveguide  cross-section 
and  corresponding  designations 

The  Herz  potential  functions  (p/,„(x,.v)  and  cpg„(x,>0 
in  7" -region  of  "p"-vvavcguide  cross-scction  are  pre¬ 
sented  in  the  following  form 


o  X 

Fig.  3.  Sub-domain  of  “p"- waveguide  “j-  region 
and  “C'-waveguide  /((O)-region  overlapping 


At  using  the  mode  matching  method  we  have  to  calcu¬ 
late  the  set  of  coupling  integrals  .  As  the  eigen- 

fields  of  complicated  waveguide  modes  are  given  by  a 
piecewise  manner,  therefore  the  each  coupling  integral 
is  reduced  to  the  sum  of  partial  integrals  over  the  over¬ 
lappings  of  “p” -waveguide  sub-regions  with  “0”- 
waveguide  sub-regions.  As  a  consequence  we  obtain  the 
following  sum  for  each  of  coupling  integrals 

/=0  ^(i(0))  ^s^Kp))  k=0  j=0 

where  is  the  cross-section  of  7' "-sub-region  of 

"p"-waveguide.  In  fact  the  sum  contains  only  the  inte¬ 
grals  over  some  overlappings  of  corresponding  sub- 
regions.  In  its  turn  the  set  of  their  geometry's  may  be 
specified  by  the  “overlapping-matrix”  OL^  that  sets 

the  coordinates  of  all  sub-domains  of  overlappings:  (see 
Fig,  3) 

OLp  =  OLp  [O  <  v  <  (J(0)  J(p)  - 1) ,  0  <  p  <  5] 
where 

OLp[v,l]=o(y(p)), 

OLJv,2]  =  /7 
OL^[v,3]  =  7^'”, 

OLJv,4]=;(0), 

OLj.,5]=yrp;. 

After  specification  of  G  ^  -matrixes  for  “0”-  and  all  ”p” 

waveguides  OL^  matrixes  may  be  found  by  a  special 

algorithm  that  verifies  simultaneously  the  type  of  junc¬ 
tion  and  the  necessity  of  above-mentioned  virtual 
waveguide.  Let  us  introduce  the  following  set  of  desig¬ 
nations  for  the  sets  of  Fourier-amplitudes  of  field  ex¬ 
pansions  within  separate  sub-regions 

;  and  for  the 

transversal  and  longitudinal  propagation  constants  in 

these  sub-regions  > 

=  where  and 

Xg  ~  •  Introduce  also  the  designation 
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Jn=l(0),m=l(0)  ■ 

SeC*./)  _ 

*^^aa  ^nm  v^^>^>rt=l(0),w=l(0)  ’ 


ikj)„ik,j) 

nm  ^nm 


{ab)} 


«=1(0),MI  =  ](0) 


for  matrixes  of  expansion  functions  integrals  on  over¬ 
lapping  sub-region,  where  for  example 

cc^J^^^^e'{ab)  =  |  cos(x  -  )  cos(x  -  )  x 

exp(/((B^^'^ ( V -  )-^\^{y- y^^'^  - h^^^))ds 


As  the  result  the  coupling  integrals  on  a  n  overlapping 
sub-domain  obtain  the  following  form 

-H  b^Y^'’  +  CEf^^'^Y'^BY  )+ 

-  /Bf  )(of )  ) 

with  similar  expressions  for  M^YkJ), 

M’iq{k,j),'M.^iq{k,j) .  Thus  we  have  got  the  fully  for¬ 
malized  relatively  simple  algorithm  of  -S'-matrix  calcu¬ 
lation  for  the  junction  of  several  waveguides  with  arbi¬ 
trary  piecewise  linear  coordinate  boundaries.  Its  flow¬ 
chart  is  shown  above. 
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Some  aspects  of  designing  lowpass  and  bandpass  eva- 
nescent-mode  fillers  based  on  single-  and  double-ridged 
waveguides  are  discussed.  It  is  demonstrated  that  intro¬ 
duction  the  new  type  of  transfonners  allows  to  obtain 
the  lowpass  filter  configuration  providing  wide  pass 
and  stop  bands.  The  improved  procedure  of  initial 
synthesis  of  bandpass  filters  permits  to  obtain  their 
geometiy  for  pass  bands  up  to  20  %  and  extended  stop 
band. 

INTRODUCTION 

The  design  of  evanescent-mode  filters  based  on  finned 
waveguides  and  printed-circuit  technologies  [1]  and 
ridged  waveguides  with  relatively  wide  ridges  [2-4]  has 
been  discussed  before.  Nevertheless  the  development  of 
CAD  software,  that  provides  the  design  and  the  optimi¬ 
zation  of  filter  geometry  at  a  broad  specification  range, 
revealed  some  additional  aspects  of  such  a  problem  and 
the  necessity  to  include  new  structural  elements  for 
provision  of  a  wider  range  of  possible  specifications. 
The  configurations  of  the  filters  being  considered  are 
presented  in  Fig.  1.  They  are  sets  of  fins  with  varying 
gaps  for  lowpass  filters  (LPF)  and  a  fixed  gap  for  band¬ 
pass  filters  (BPF).  In  both  cases  the  matching  trans¬ 
formers  in  the  form  of  sections  of  finned  or  rectangular 
(upper  cutofi)  waveguides  can  be  used.  Here  matching 
transformers  are  not  conventional  transitions  between 
rectangular  and  finned  waveguides  and  simultaneously 
play  the  role  of  ended  AT-invertors  LPF  or  BPF. 

The  exact  full-wave  mode-matching  models  are  used 
for  obtaining  N-matrices  of  key  elements.  Analysis  of 


separate  parts  of  filters  (as  AT-invertor  scheme  compo¬ 
nents)  as  well  as  analysis  of  filters  as  a  whole  is  per¬ 
formed  by  the  generalized  A'-matrix  teclmique.  Without 
emphasizing  the  details,  note  that  the  transversal  reso¬ 
nance  method  was  used  at  the  calculation  of  ridged 
waveguide  mode  basis.  Required  A'-matrices  of  bifurca¬ 
tion  of  plane  w  aveguide  by  semiplate  of  finite  thickness 
were  calculated  on  the  basis  of  moments  method  using 
basis  functions  that  take  into  account  the  field  behavior 
near  the  fin  edges. 

Tw'o  possible  realizations  for  single-  and  double-ridged 
waveguides  have  been  considered.  In  all  cases  the  de¬ 
sign  algorithm  has  three  stages;  a).  Definition  of  values 
of  fin  gaps  and  filter  housing,  b).  Initial  filter  synthesis 
on  the  base  of  AT-invertor  lowpass  prototypes  according 
to  Levy's  scheme  for  LPF  case  and  to  Rliodes's  scheme 
for  BPF  one.  Possible  correction  of  prototype  K- 
invertors.  c).  Optimization  of  the  filter  geometry. 

LOWPASS  FILTERS 

Search  of  ridged  waveguide  housing  is  done  according 
to  the  given  values  of  ridge  thickness  t ,  minimal  gap 
size  for  the  central  section,  the  specified  frequen¬ 
cies  of  pass  band  beginning  and  stop  band  edge  . 
The  selection  of  width  and  height  of  ridged 
waveguide  housing  is  based  on  two  requirements  [2];  I) 
the  cutoff  frequency  of  dominant  mode  for  the  ridged 
waveguide  with  the  specified  minimal  gap  must 
be  below  F^, ;  2)  the  next  higher  cutoff  must  be  above 
the  stop  band  upper  limit  F^ .  The  procedure  of  and 


a  be 

Fig.  1.  Lowpass  (a)  and  bandpass  (b,c)  evanescent-mode  filters  on  single-ridged  waveguides 
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b,  definition  is  perfonned  with  the  aid  of  preliminaiy 
calculated  database.  At  that,  the  geometry  with  maxi¬ 
mal  is  considered  as  the  best  one. 


Fig,  2.  Frequency  responses  for  the  optimized  filters: 
11-section  LPF  on  double-ridge  waveguide  (a), 
5-section  BPF  on  single-ridged  waveguide  (b) 
and  7-section  BPF  on  double-ridge  waveguide  (c) 

The  maximal  gap  size  is  found  reasoning  from 
the  requirements  that  the  ridged  waveguide  with  di¬ 
mensions  a^,  b^,  t,  and  w  =  must  be  above  cutoff 
within  pass  band.  The  waveguide  sections  forming 
notches  between  filter  sections  must  be  cutoff  ones 
through  the  whole  pass  band  however  they  should  not 


be  cutoff  through  the  whole  stop  band.  Rectangular 
cross-section  notches  provide  simultaneously  two  ad¬ 
vantages,  shortening  the  total  filter  length  and  simpli¬ 
fying  the  calculations. 

Notches  model  the  internal  /f-invertors  of  lowpass 
prototype.  The  ended  A'-invertors  have  usually  greater 
values  than  the  internal  ones,  as  they  play  a  matching 
role.  In  the  majority  of  cases  the  value  of  reflection 
coefficient  for  a  junction  between  the  main  rectangular 
waveguide  and  the  ridged  waveguide  of  the  first  (last) 
filter  section  is  too  large.  It  has  to  be  reduced  by  im¬ 
plementing  an  additional  matching  section  of  ridged 
waveguide  with  the  cross-section  of  main  rectangular 
waveguide.  The  search  of  transformer  dimensions  is 
performed  by  two  steps:  1)  the  first  global  minimum  of 
reflection  coefficient  within  the  range  <  fy 

and  different  lengths  1,^  >  0  is  roughly  defined;  2)  the 
final  dimensions  are  being  found  by  exact  estimation  of 
l,r  to  provide  the  required  A-invertor  value  at  the 
maximum  possible  transfonner  gap. 

More  often  than  not,  the  characteristics  obtained  after 
the  synthesis,  based  on  the  circuit  theory,  are  not  com¬ 
pletely  satisfactory  mainly  within  the  stop  band.  To 
reach  the  specified  response,  the  initial  geometry  is 
optimized  on  the  base  of  full-wave  exact  model  and  the 
goal  function  that  differs  from  conventional  by  taking 
into  account  some  points  on  the  slope  of  frequency 
response  to  avoid  undesirable  spikes  of  insertion  loss. 

As  an  example  of  the  created  software  possibilities,  the 
characteristics  of  the  double-ridged  lowpass  filter  with 
wide  pass  and  rejection  bands  are  presented  in  Fig.  2a. 
The  filter  has  upper  than  20  dB  return  loss  within  oper¬ 
ating  band  of  WR-28  and  stop  band  up  to  150  GHz..  It 
should  be  noted  that  other  topologies,  in  particular 
based  on  single-ridged  waveguides  (see  Fig.  la),  are 
suitable  only  for  the  design  of  lowpass  filters  with  the 
narrower  pass  and  stop  bands.  It  happens  first  of  all  in 
consequence  of  the  excitation  of  additional  higher 
modes  in  single-ridge  waveguide. 

BANDPASS  FILTERS 

The  peculiarity  of  the  design  of  the  filters  being  consid¬ 
ered  is  bom  by  capacitive  character  of  filter  section 
loads  that  is  why  the  resonator  length  /  may  be  chosen 
essentially  less  than  ^gl2.  It  is  clear  that  at  this  con¬ 
dition  the  conventional  procedures  of  circuit  theory 
synthesis,  that  are  oriented  to  H  (A-prototype)  or 

/4  (A-J  prototype)  resonators,  will  led  to  filter 

sections  with  too  low  ^-factors.  The  correction  of  A- 
invertor  prototype  is  performed  under  the  condition  that 
g-factor  of  shortened  resonator  must  be  equal  to  the 
one  of  Xg  /2  resonator.  This  correction  ensures  accept¬ 
able  initial  guess  for  the  final  optimization  procedure 
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even  though  the  filter  pass  band  obtained  by  this  man¬ 
ner  turns  out  narrower  than  it  is  required. 

As  a  rule  the  needed  result  can  be  reached  at  square 
ridge  housing  with  a  side  size  equals  to  the  height  of 
main  waveguide  and  ridge  gap  providing  the  cutoff 
frequency  near  the  one  of  input  waveguide.  However  it 
is  not  always  possible  to  obtain  acceptable  fin  lengths  at 
such  a  housing.  In  this  case  one  has  to  reduce  housing 
cross-section  or  increase  ridge  gap. 

In  Fig.  2b  the  example  of  designing  the  narrow-band 
filter  in  waveguide  WR-75  (housing  9.525x9.525  mm^, 
ridge  thickness  3  mm,  overall  filter  length  ~51  mm)  is 
presented.  The  broad-band  filter  in  waveguide  WR-229 
(housing  32x29.083  mni^,  ridge  thickness  1  mm,  over¬ 
all  filter  length  -160  mm)  is  illustrated  by  Fig.  2c.  As  it 
turned  out  the  stop  band  is  limited  by  the  half- 
wavelength  resonances  in  long  notches  when  filter 
housing  becomes  upper  cutoff. 

The  software  is  realized  with  Visual  C++  tools  as  Win¬ 
dows  (NT,  95,  98)  application.  The  CPU  time  needed 
for  synthesis  and  optimization  of  5-resonator  BPF 
equals  about  1.5  hours  with  Pentium  11-366. 
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Multiple  aperture  rectangular  irises  are  attractive  for 
the  scientists  owing  to  their  salient  feature  to  form 
frequency  response  with  clear  total  reflection  resonance 
(rejection  resonance).  A  difference  of  the  dimensions  of 
the  iris  apertures  is  the  condition  of  the  resonance.  The 
simplest  two  aperture  iris  forms  the  frequency  response 
with  two  resonances  of  total  transmission  and  one  reso¬ 
nance  of  total  reflection,  located  between  them.  Nu¬ 
merical  studies,  carried  by  us  on  the  base  of  solving 
appropriate  diffraction  problem,  show  that  upper  fre¬ 
quency  resonance  is  defined  by  the  slot  with  lesser 
width,  whereas  the  resonance  at  the  lower  frequency'  is 
defined  by  the  slot  with  larger  width.  Three  aperture 
iris,  cross-section  of  which  contains  a  pair  of  equal  slots 
and  the  other  slot  of  different  dimensions  has  similar 
frequency  response.  An  influence  of  changing  the  ge¬ 
ometry  of  the  slots  on  the  frequency  response  character 
was  studied  by  us.  All  the  numerical  calculations  were 
carried  out  in  the  frequency  range,  corresponding  the 
operating  range  of  the  circuit,  in  which  an  iris  was 
placed.  Fig.  1  shows  schematically  the  constant  value 
plots  for  the  reflection  coefficient  |R1  of  the  circuit 
dominant  Hio-mode  for  three  aperture  iris  placed  in  the 
waveguide  WR-90  in  the  coordinates  "frequency  versus 
width  of  file  slots  being  changed".  The  iris  thickness  is 
0.38  mm.  height  of  upper  and  bottom  slots  is  2.52  mm; 
their  widfii  is  changed  from  7  mm  to  22  mm;  dimen¬ 
sions  of  the  central  slot  arc  14.86x1.52  mm^.  From  the 
figure  we  notice  that  a  changing  the  ratio  between  the 
slot  widths  leads  to  a  changing  of  location  and  quality 
factor  of  the  rejection  resonance.  There  is  only  one 
resonance  of  total  transmission  at  the  frequency  re¬ 
sponse  if  dimensions  of  all  the  slots  are  equal. 

Computational  results  show  that  as  more  as  possible 
height  of  the  slots  is  preferable  from  both  the  manu¬ 
facturing  point  of  view  and  loss  level  outside  the  stop- 
band.  So,  three  or  more  aperture  irises  is  more  prefer¬ 
able  than  two  aperture  ones. 

As  computational  results  shown  that  the  rejection  reso¬ 
nance,  forming  by  multiple  aperture  irises,  is  defined  by 
the  ratio  between  slot  dimensions,  we  carried  out  a 
number  of  numerical  studies  in  order  to  make  clear  the 
assumption  that  multiple  aperture  irises  can  fonn  a 
frequency  responses  with  more  than  one  rejection  reso¬ 
nance.  Three  aperture  iris,  cross-section  of  wluch  con¬ 
tained  tlmee  different  slots  was  chosen  for  such  studies. 
There  are  two  rejection  resonances  at  the  frequency 


response  of  such  an  iris,  as  predicted.  Studies  of  the 
influence  of  changing  the  geometry  of  the  slots  on  the 
frequency  response  were  carried  out.  Some  results  of 
them  are  presented  in  Fig.  2.  Fig.  2  shows  schemati¬ 
cally  the  plots  for  the  reflection  coefficient  of  circuit 
dominant  Hjo-mode  for  three  aperture  iris  placed  in  the 
waveguide  WR-90  in  the  coordinates  "frequency  versus 
width  of  the  slots  being  changed".  The  iris  thickness  is 
0.38  mm.  height  of  the  upper  and  the  bottom  slots  is  2 
mm;  height  of  the  central  slot  is  1  mm.  The  width  of 
the  upper  slot  is  changed  from  7  mm  to  22  mm  whereas 
dimensions  of  the  central  slot  are  constant.  It  turns  out 
that  the  influence  of  changing  the  slot  geometry  on  the 
frequency  response  has  the  same  character  with  respect 
to  one  for  the  irises  forming  one  stopband  frequency 
response,  namely  a  changing  the  ratio  between  slot 
wdths  leads  to  changing  the  location  and  quality  factor 
of  the  rejection  resonances.  We  also  note  that  changing 
the  height  of  the  slots  leads  to  steeper  frontiers  of  the 
rejection  resonances.  Results  of  the  studies  allows  to 
conclude  that  the  frequency  response  with  two  rejection 
renounces  and  more  can  be  obtained  by  using  multiple 
aperture  irises  with  a  number  of  slots  of  different  ge- 
ometiy. 


Fig.  1.  Plots  |F?|  =  const  for  three  aperture  iris 
with  single  stopband 


A  scheme  of  searching  an  approximate  geometry  of 
rejection  cells  based  on  multiple  aperture  irises,  that 
use  a  specific  character  of  rejection  resonance  nature, 
was  proposed  by  us  by  the  results  of  the  studies  carried 
out  [1]. 
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In  order  to  verily  the  validity  of  our  conclusions  and  to 
estimate  the  accuracy  of  obtained  results  a  number  of 
experimental  measurements  was  carried  out  for  three 
aperture  irises,  approximate  geometry  of  which  was 
obtained  by  the  help  of  above-mentioned  scheme.  Fig.  3 
presents  calculated  and  experimental  frequency  re¬ 
sponse  of  three-aperture  iris  placed  in  WR-90 
waveguide.  Cross-section  of  the  iris  contains  three 
horizontal  rectangular  slots,  two  of  which  were  cut 
immediately  adjacent  to  the  upper  and  the  bottom  walls 
of  tlie  rectangular  waveguide.  Their  dimensions  are 
14.91x2  mm^.  The  third  aperture  was  cut  in  the  center 
of  the  circuit.  Its  dimensions  are  12.94x2  mm^.  Iris 
thickness  was  0.48  mm.  Such  an  iris  fomis  the  rejec¬ 
tion  resonance  at  the  frequency  of  10.38  GHz.  Trans¬ 
mission  loss  at  its  resonant  frequency  are  -26  dB.  The 
difference  between  calculated  and  measured  data  is 
0.3  %  and  8  %  for  the  rejection  frequency  and  its  qual¬ 
ity  factor,  respectively.  The  error  for  the  bandwidth  is 
explained  by  ideal  theoretical  model,  in  which  the  Oh¬ 
mic  loss  are  not  taking  into  account.  As  "frequency 
error",  it  can  be  e.xplaincd  by  relatively  low  quality  of 
iris  manufacturing.  It  should  be  noted  that  Uie  left 
frontier  of  the  rejection  resonance  is  ver>'  steep  and 
tliere  is  sufficiently  even  portion  of  the  response,  where 
transmission  loss  are  close  to  zero,  from  the  left  side  of 
die  resonance.  Probably,  such  a  three  aperture  iris  can 
be  used  not  only  as  a  rejection  cell,  locking  the  circuit 
in  rejection  stopband,  and  in  order  to  improve  filter 
response  it  can  be  used  as  additional  rejection  section  of 
a  low  pass  filter  with  a  passband  in  above  mentioned 
low  loss  frequency  range. 


nm 


Fig.  2.  Plots  |A1  =  const  for  three  aperture  iris 
with  two  stopbands 

In  order  to  verify  our  suggestions  concerning  a  possi¬ 
bility  to  form  multi  stopband  frequency  response,  de¬ 
monstrative  experiment  with  three  different  aperture 
iris  in  WR-90  waveguide  was  performed.  Cross-section 
of  the  iris  contains  three  different  slots,  two  of  which 
were  cut  immediately  adjacent  to  the  upper  and  the 


bottom  walls  of  the  rectangular  waveguide.  Their  di¬ 
mensions  are  14.2x3  min^  and  15.2x3  mm^.  The  tliird 
aperture  was  cut  in  the  center  of  the  circuit.  Its  dimen¬ 
sions  are  13.1x1  mm^.  Iris  thickness  is  0.48  mm. 
Measured  frequency  response  is  presented  in  Fig.  4.  As 
predicted,  frequency  response  contains  two  rejection 
resonances  at  the  frequencies  of  8.93  GHz  and  10.8 
GHz.  Transmission  toss  at  the  resonant  frequencies  are 
-13  dB  and  -16  dB,  respectively.  Stopband  widths  are 
0.25  %  and  0.6  %  respectively.  In  contrast  to  single 
stopband  rejection  irises,  a  mechanism  of  the  control  of 
such  multi  stopband  frequency  responses  is  revealed  not 
completely.  However  it  is  obviously  that  two  stopband 
rejection  irises  with  improved  characteristics  can  be 
calculated  and  manufactured. 


10  II  12  f.H02 


Fig.  3.  Measured  transmission  loss  of  one  stopband 
three  aperture  iris 


S  IB  II  F.GHz 


Fig.  4.  Measured  transmission  loss  of  two  stopband 
three  aperture  iris 

Above  mentioned  one-  and  two  stopband  rejection  cells 
can  find  an  application  both  as  separate  frequency  se¬ 
lective  units  and  as  additional  elements  of  low  pass 
filters,  bandpass  and  bandstop  filters.  They  will  im¬ 
prove  filter  frequency  response.  An  idea  concerning  to 
use  such  additional  elements  in  filter  was  realized  by 
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T.  Sieverding  and  F.  Arndt  [2],  In  this  work  the  results 
of  computational  design  of  the  bandpass  filter  with 
additional  resonators  placed  on  upper  wall  of  the 
waveguide  circuit  and  coupled  with  it  by  rectangular 
irises  were  presented.  If  two  stopband  rejection  irises 
are  used  as  such  additional  sections,  the  filter  has  less 
both  transversal  and  longitudinal  dimensions.  Besides, 
such  multiple  aperture  irises  are  very  simple  in  manu¬ 
facturing  and  low  cost. 

The  author  wish  to  acknowledge  E.  A.  Sverdlenko  for 
the  help  while  canying  out  the  measurements. 
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The  problem  of  calculation  of  tees  in  rectangular 
waveguides  has  been  discussed  a  lot  of  times.  Except  of 
the  main  geometry'  of  conventional  H(E)-tee  [1]  tire  tees 
with  inserts  of  different  kinds  have  been  studied  [2].  At 
that  the  dominant  goal  of  real  calculations  was  to  in¬ 
vestigate  the  possibility  of  ideal  matching  at  the  excita¬ 
tion  of  tee  side  arm.  However  there  is  another  problem 
of  tee  tuning  that  arises  at  the  frequency  selective  sys¬ 
tems  design.  For  example  one  of  different  schemes  of 
dilplexer  design  is  based  on  using  so  called  F-type 
three-ports.  Such  a  three-port  has  to  characterize  by  the 
5-matrix  that  is  similar  to  5-matrix  of  symmetrical  120° 
T-junction.  To  use  an  E-  or  //-tee  as  a  common  junction 
of  diplexer  we  have  firstly  to  design  a  special  load  in 
tec  tliat  equalizes  the  reflectivilies  in  common  port  and 
in  channel  ports.  It  may  be  achieved  for  example  by 
introducing  the  capacitive  iris  in  the  side  tee  arm  [3]. 
However  this  way  is  not  the  best  one,  as  such  a  unit 
usually  has  relatively  high  dispersion  and  is  not  avail¬ 
able  for  broadband  diplexers. 

Another  way  consists  in  implementation  of  a  tuning 
insert  into  internal  lee  region,  that  may  be  very  con¬ 
venient  if  an  insert  and  the  filler  diaphragms  are  made 
by  the  same  manner.  In  this  report  the  iris  inserts  in 
//-tees  are  considered  from  point  of  view  of  the  way  of 
5-matrix  calculation  and  possible  properties  corre¬ 
sponding  lees  as  the  common  junctions  of  microwave 
diplexers. 

The  configurations  that  will  be  discussed  are  shown  in 
Fig.  1.  Taking  into  account  that  in  the  majority  of  cases 
the  only  dominant  mode  is  propagating  in  common 
diplexer  arm  and  the  full-wave  5-matrixes  have  to  be 
found  regarding  the  channel  arms  we  have  chosen  the 
Port  Reflectivity  Method  (PRM)  [4]  that  make  possible 
quick  manipulation  with  different  waveguide  electro¬ 
magnetic  objects. 

The  main  idea  of  PRM  is  the  treatment  of  three-port 
networks  through  the  triple  consideration  of  two-ports, 
forming  by  shortening  of  one  of  the  three-port  arms.  It 
reduces  tlie  problem  of  calculation  of  three-port 
5-matrix  to  relatively  simpler  multiply  problems  of  a 
two-port.  The  latter  may  be  considered  as  the  sequence 
of  plane  junctions,  the  5-matrixes  of  which  is  calculated 
by  5-matrix  technique  and  for  example  by  mode¬ 
matching  method. 


The  configuration  of  //-tee  with  rectangular  metal  in¬ 
sert  is  sho\vn  in  Fig.  1 . 


Fig.  1  Geometry  of  //-tee  with  rectangular  metal  insert 

Below  is  used  the  following  designations: 

are  blocks  of  three-port  scattering  matrix; 

«,/?=0,  1,2. 

S’^''  are  blocks  of  two-port  scattering  matrix  for  tiie 
y-th  position  of  shortening;  v,  1,  2  (/'  =  1,2,  3). 
r(/)=-exp(-2/cS“)/y)  is  inverse  value  of  reflectivity 

for  shortening  placed  in  0-th  waveguide  at  distance 

three-port  reference  plane; 

is  propagation  constant  of  dominant  mode  in  the 

0-th  waveguide.  Then  we  have  two  possibilities;  on  the 
one  hand,  such  a  waveguide  may  be  exactly  calculated 
with  the  help  of  full-wave  model  for  three  different 
values  of  shortening  position  and  on  the  other  we  may 
write  a  set  of  relations  between  three-port  and  two-port 
5-matrixes  assuming  only  single-mode  electromagnetic 
interaction  between  the  shortening  and  the  mouth  of 
0-tee  arm.  As  three-port  5-matrix  coefficients  have 
been  previously  calculated  we  obtain 

- {4)-r{2)y  ^3  1)-(Ki)-K3))^^ *(2 1)/ 
/(/-(l)-K3))(5'  ’(2))-(r(l)-K2))t^‘  '(!)-/?*  *(3))= 

=  A/B  =  {a,, 
where 

w“P  iu) = K')  sf  (')-  ^0)  sf  0) 

i,J  =  1,2,3;  i  y;  a,p  =  1,2 

The  meaning  of  above  expression  is  that  the  calculated 
value  of  5ff  must  be  equal  for  all  i  and  k.  If  it  is  not 
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then  we  have  to  place  the  shortenings  further  from 
three-port  0-th  reference  plane,  as  actual  law  of  re¬ 
sponse  dependence  on  shortening  placements  is  not 
such  for  taking  into  account  the  dominant  mode  only. 
This  reasoning  is  useful  for  internal  control  of  calcula¬ 
tion  accuracy:  comparing  values  of  at  different 
i  and  k  we  may  provide  correct  choosing  of  shortening's 
positions.  For  the  rest  of  coefficient  we  have,  for  exam¬ 
ple, 

'  =  (r(l)-  /•(2))“*  1  (2)-  R* '  (l))-  W’  *  (2 1)) 

As  to  transmission  matrixes  between  the  0-th  and  the 
1-st  port  (relative  tlie  dominant  mode  in  the  0-th  port 
only!)  they  may  be  found  from 

=  (-(l)-  *  (l)-S^  Q’  ’ 


Using  this  expression  one  can  find  the  elements  of  “0- 
to-1”  and  “l-to-O”  transmission  matrixes  to  common 
sign  before  matrixes. 


As  reciprocity  relation  °  takes 

a  place  we  have 


eOl 

^11 


k^o" 


and  consequently  S/®  - 


01 


1=1,2,. 


;=2,  3, ... 


oOi  _  Qu 
■^ii 


The  frequency  responses  for  tees  without  tuning  irises 
tliat  have  been  calculated  by  exact  model  [1]  and  for 
tees  with  an  insert  being  created  with  using  tools  of  [5] 
have  been  compared  for  the  created  algoritlun  testing. 
The  role  of  initial  two-port  has  played  corresponding 
ff-plane  widening  of  WR-75  waveguide.  In  Fig.  2  the 
reflectivity  response  of  an  //-tee  at  the  excitation  from 
side  arm  and  the  difference  between  two  solutions 
(scale  axis  is  placed  on  right)  are  presented. 


As  one  can  see  the  solutions  coincide  all  over  operating 
range  (absolute  difference  of  reflectivity  is  not  worse 
than  ±10‘‘'^10'^).  At  moving  to  the  single  mode  range 
end  (but  out  of  operating  range)  diversification  of  con¬ 
ditions  tliat  are  background  of  PRM  becomes.  On  one 
hand  the  reactive  attenuation  of  mode  within  side 
arm  is  decreasing  essentially  and  on  the  other  hand  the 
level  of  this  mode  excitation  is  increasing.  It  is  caused 
by  the  features  of  //-tee  having  the  resonance  at  the  end 
of  single-mode  range. 


The  created  model  allows  setting  that  a  thin  tuning 
inductive  iris  is  similar  to  filter  irises  and  can  solve 
radically  the  problem  of  creating  F-type  common 


Fig.  2  Difference  between  two  methods  of  calculation  of 
//-tee  junction 


Fig. 3  Return  loss  in  common  junction's  arms 


junction  on  //-tee.  Reflectivities  in  straight  and  side 
arms  are  presented  in  Fig.  3  for  the  common  Junction 
being  designed  at  the  frequency  13.01  GHz  with  the 


condition  mi 


nS\ 


00 
11  ■ 


■5', 


&miri 


,00 

11 


As  one  can  see 


this  condition  is  satisfied  not  only  at  the  given  point, 
but  within  all  over  operating  range  practically. 
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INTRODUCTION 

Waveguide  sections  are  now  widely  used  both  for 
commercial  and  military  purposes.  The  trend  of  inves¬ 
tigations  in  this  field  is  to  decrease  tlic  insertion  loss 
and  overall  dimensions  of  microwave  devices.  But  if 
high  power  of  propagating  waves  is  required  (lOOW  or 
more)  it  is  impossible  to  use  waveguide  circuits  based 
on  the  dielectric  discontinuities  or  semiconductor  active 
devices.  In  such  a  case  the  metal  discontinuities  (irises, 
plates,  posts  etc.)  become  alternatives.  Metal  plates  are 
especially  easy  to  manufiicture  and  maintain  into  metal 
waveguide.  The  possibility  of  creation  of  phase  shifters 
with  excellent  parameters  on  the  base  of  such  type  of 
discontinuities  was  shown  in  [5]. 

This  paper  presents  new  results  of  FDTD  analysis  of 
such  structures  well  described  in  [1-2].  Actually,  it’s 
hybrid  method  combining  the  implementation  of  im¬ 
pedance  boundary  conditions  to  standard  FDTD  tech¬ 
nique  with  generalised  scattering  matrix  modelling. 
This  algorithm  proves  its  efficiency  for  rigorous  analy¬ 
sis  of  different  types  of  complex  waveguide  disconti¬ 
nuities. 

GEOMETRY  MODELLING 

Two  types  of  waveguide  stnictures  based  on  rectangular 
symmetrical  plates  are  analysed.  They  have  similar 
construction  but  different  geometry  so  their  separate 
analysis  is  given  here. 

Waveguide  section  with  four  plates.  It  consists  of  four 
rectangular  metal  plates  (Fig.  1,  2),  each  one  is  placed 
symmetrically  in  cross-section  and  fixed  by  thin  metal 
shaft.  The  structure  dimensions  are  a  ~  11  mm,  b  = 
28  mm;  the  first  and  the  third  plates  are  equal 
36  X  16.8  mm^;  the  second  and  the  fourth  ones  arc  also 
equal  36x17.1  mm^;  the  diameter  S  of  metal  shaft  is 
1.5  mm.  All  geometry  is  sitbdivided  into  five  parts  and 
analysed  separately  to  reduce  memory  requirements  and 
computational  time.  As  it  seen  from  Fig.  2  all  disconti¬ 
nuities  are  symmetrical  in  the  respect  to  excitation 
ports.  There  are  two  pairs  of  identical  plates.  Part  III  is 
a  simple  hollow  wavegitide.  Its  general  scattering  ma¬ 
trix  parameters  are  found  analytically.  So  it  is  necessary' 
to  implement  FDTD  procedure  only  for  parts  I  and  II 
and  tlien  final  general  scattering  matrix  is  defined  from 
cascade  connection  of  five  discontinuities.  This  also 
gives  the  opportirnity  to  avoid  the  analysing  of  standing 
waves  in  resonators  (as  a  result,  decrease  the  quantity 
of  time  steps). 


FDTD  procedure  with  impedance  boundary  conditions 
is  used  (value  of  characteristic  impedance  is  500Q). 
All  geometry  is  refined  to  the  standard  uniform  Yee 
lattice  [3].  During  this  simulation  metal  shafts  of  cir¬ 
cular  cross-section  is  substituted  by  rectangular  one 
with  the  same  overall  dimensions  in  order  to  simplily 
the  implementation  of  boimdary  conditions.  Different 
parameters  Ac,  Ay,  Az  are  chosen  for  each  part  for  the 
finest  geometry  nrodelling.  Courant-Friedrichs-Lewy 
type  stability  condition  is  used  to  define  At  parameter. 
The  results  of  modal  voltages  in  time  domain  [1]  then 
converted  to  the  frequency  domain  using  discrete  Fou¬ 
rier  transform.  Then  the  standard  procedure  [1]  is  fol¬ 
lowed  to  obtain  the  generalised  scattering  matrix  pa¬ 
rameters  in  the  frequency  band  2. 8... 3. 3  GHz. 


al 


Li _ a _ .J 

Fig.  1.  Cross  section  with  metal  plate  on  a  shaft 
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Fig.  2.  Four  metal  plates  along  waveguide 

Waveguide  section  with  two  plates.  It  consists  of  two 
equal  rectangular  metal  plates  placed  symmetrically  in 
rectangular  waveguide  with  such  parameters;  a  = 
72  mm,  b  =  IS  mm,  ol  =  36  mm,  bl  =  17.2  mm.  All 
statements  in  geometry  modelling  are  similar  to 
waveguide  section  described  above.  In  this  case  the 
only  FDTD  analysis  for  the  single  symmetric  metal 
rectangular  plate  in  waveguide  is  required. 

NUMERICAL  RESULTS  AND  MEASUREMENTS 

For  electromagnetic  simulation  of  vertically  located 
thin  metal  plate  in  waveguide  cross  section  the  method 
of  moments  (MOM)  was  used  earlier.  The  plate  was 
considered  to  be  infinitely  thin  and  without  supported 
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metal  shaft.  The  results  obtained  by  FDTD  method, 
MOM  and  experiment  for  the  second  structure  are 
shown  in  Fig.  3,  5,  and  for  the  first  on  Fig.  4,  6  respec¬ 
tively.  In  fact,  phase  characteristics  on  Fig.  5,  6  are  the 
differential  phase  shifts  of  given  structures  calculated 
with  respect  to  the  simple  hollow  waveguides  of  the 
same  length  as  cross-section.  Three  waveguide  modes 
TEio,  TE30,  TH12  were  taken  into  account  in  hybrid 
FDTD  analysis.  However,  taking  first  two  modes  are 
sufficient  for  both  structures. 


Frequency,  GHz 
Fig.  4 

As  it  seen  from  Fig.  3-6  good  agreement  was  achieved 
between  two  methods  and  experimental  results.  Small 
errors  occurred  in  FDTD  methods  because  of  geometry 
quantisation  error  and  some  principal  differs  between 
numerical  and  experimental  models  (sharp  edges  of 
rectangular  plates  in  reality  were  rounded  to  increase 
the  limited  transmitting  power).  MOM  gives  the  op¬ 
portunity  to  calculate  tliis  structure  much  more  quickly. 
No  errors  caused  by  discretisation  occurred.  But  spe¬ 
cific  problems,  such  as  convergence  of  series  expansion 
of  current  on  metal  plates,  arise.  Also  little  change  in 
geometry  very  frequently  makes  this  method  be  tedious 
or  even  helpless.  FDTD  method  requires  much  more 


computational  efforts,  but  it  can  be  used  for  accurate 
and  versatile  analysis  of  more  complex  structures. 

Note,  tlrat  further  optimization  of  proposed  structures  is 
possible  by  searching  the  optimal  form  of  plates  in 
order  to  increase  the  frequency  range  and  to  reduce 
error  of  differential  phase  shift. 
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ABSTRACT 

Some  ways  of  technical  implementation  of  a  high- 
power  multiplexer  for  common  operation  of  several 
broadcasting  transmitters  in  the  metric  and  decimetric 
waves  band  are  considered.  These  transmitters  pick  up 
and  carry  a  common  aerial  feeder  that  allows  extending 
a  net  of  TV  and  radio  broadcasting  by  complete  using 
opportunities  of  existing  equipment.  Engineering  solu¬ 
tions  proposed  to  build  high-power  multiplexers  have 
been  developed,  designed,  manufactured,  tuned,  tested 
in  laboratoty  and  under  high-power  operation  mode. 
Some  of  those  multiplexer  are  used  now  at  TV  and 
radio  broadcasting  centers  in  Ukraine  since  1994. 

INTRODUCTION 

In  the  force  of  known  economic  reasons  of  the  last 
times  in  Ukraine  and  some  others  countries  of  the  for¬ 
mer  USSR,  one  of  the  most  possible  mean  to  extend  a 
net  of  TV  and  radio  broadcasting  of  the  metric  and 
decimetric  waves  band  is  complete  capacity  utilization 
of  existing  aerial  feeder  equipment  by  addition  of  new 
broadcasting  channels. 

To  reach  this  goal,  the  corresponding  additional  de¬ 
vices,  so-called,  high-power  (units  and  tens  of  kilo¬ 
watts)  multiplexer  are  necessary  that  demands  special 
scientific  and  engineering  approaches  to  fulfil  principal 
technical  and  others  requirements  listed  below: 

1)  providing  with  accurate  requirements  concerning 
terminal  matching,  insertion  loss  and  inter-channel 
isolation; 

2)  taking  into  consideration  electrical  breakdown 
stability  and  thermal  loads  of  device  under  high- 
power  operation; 

3)  maintaining  of  non-complexity  of  manufacture  and 
tuning; 

4)  ensuring  of  device  easy  installation,  as  well  as, 
providing  a  serviceability  of  device  due  to  its 
weight,  overall  dimensions  etc.; 

All  operation  conditions  discussed  above  should  be 
fulfilled  rigorously  during  design  procedures  used  that 
based  on: 

1)  using  of  high-precise  electrodynamics  models  of  all 
components  for  their  designing; 


2)  application  of  rigorous  design  procedures  with 
model-  prototypes  for  given  approximations  of  am¬ 
plitude-frequency  responses  etc. 

The  four  designing  variants  of  high-power  multiplexer 
to  provide  operation  of  several  broadcasting  transmit¬ 
ters  with  common  aerial  feeder  are  considered  here.  All 
these  devices  have  been  developed,  designed,  manu¬ 
factured  and  tuned,  as  well  as,  tested  under  high-power 
operation,  and  some  of  them  are  used  at  present  at 
some  Ukrainian  broadcasting  centers  since  1994, 

MULTIPLEXER  BASED  ON  TWO  3  dB 
DIRECTIONAL  COUPLERS 

A  multiplexer  based  on  the  two  3dB  directional  cou¬ 
plers  provides  summation  of  output  powerful  signals  of 
two  TV  broadcasting  transmitters  of  the  decimeter 
waves  band.  This  multiplexer  was  the  first  such  device 
designing  by  authors  that  used  since  1995  at  tlie  TV 
broadcasting  center  in  Kryvoi  Rog,  Dnepropetrovsk 
region,  Ukraine. 

A  designing  aim  was  to  obtain  high-level  technical 
performances  of  such  multiplexer  without  necessity  to 
apply  any  additional  matching  units  connected  to  de¬ 
vice  terminals.  A  design  of  directional  couplers  imple¬ 
mented  due  to  a  coupled  transmission  lines  concept  has 
been  accomplished  by  the  known  method  [1].  After 
fabrication  of  the  directional  couplers,  their  laboratory 
adjustment  and  examination,  a  some  correction  of  di¬ 
mensions  of  coupled  transmission  line  has  been  accom¬ 
plished. 

I  order  to  access  an  inter-channel  isolation  that  should 
be  no  less  titan  40  dB,  the  band-stop  filters  have  been 
installed  at  the  multiplexer’s  input  terminals.  Those 
filters  have  based  on  line-resonators  formed  by  stubs 
with  capacitance  coupling.  As  results  of  multiplexer 
assembling  and  trimming  of  connecting  lines,  high- 
level  perfonnanccs  of  multiplexer  have  been  achieved 
that  shown  in  Table  1 . 

By  its  design  the  considered  multiplexer  has  been 
manufactures  by  using  a  special  frame  which  provided 
flat  mounting  of  device’s  components.  Both  the  direc¬ 
tional  couplers  and  the  band-stop  filters  have  been 
perform  by  application  a  symmetrical  strip  line  with 
conductors  of  squared  cross-section.  The  connecting 
lines  have  accomplished  by  a  rigid  feeder  line. 
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Table  1 


Input  wave  impedance 

75  0 

Output  wave  impedance 

75  Q 

Input  VSWR 

1.04 

Output  VSWR 

1.08 

Inter-channel  isolation 

>40dB 

Insertion  losses  of  each  channel 

<0.2dB 

Irregularity  of  amplitude-frequency 
response  for  each  channel 

<0.1  dB 

Maximum  input  power  of  each  channel 

5kW 

The  filter  of  the  21  TV  channel  includes  four  resona¬ 
tors,  and  the  filters  of  34  and  38  TV  channels  consist  of 
five  resonators  each.  The  boundary  probes  of  filter  are 
served  as  impedance  transformers. 

The  all  filters  used  in  this  device  are  the  opposing 
probes  filters  of  the  first  kind  with  the  short-circuit 
input  probes.  The  first  kind  filters  provides  better  tech¬ 
nical  performances  of  multiplexers,  although  the  sec¬ 
ond  and  third  ones  are  more  preferable  to  put  into 
practice  them  [2]. 


OPPOSING  PROBES  BAND-PASS 
FILTER  MULTIPLEXER 


TRAVELLING  WAVE  RESONATOR 
MULTIPLEXER 


An  opposing  probes  band-pass  filter  multiplexer  with 
output  summation  signal  applied  to  central  probe  has 
been  developed  to  provide  common  aerial  feeder  opera¬ 
tion  of  the  three  TV  broadcasting  transmitters  of  the 
decimeters  waves  band  (21,  34,  38  TV  channels). 

To  design  filters,  as  well  as,  dimensions  of  central 
output  probe,  special  design  procedures  like  ones  pre¬ 
sented  in  [2]  have  been  adopted  and  used. 

This  multiplexer  by  its  design  had  a  T-shaped  packag¬ 
ing  in  special  metallic  case  (Fig.  1).  Probe-opposing 
filter  has  been  accomplished  at  each  arm  of  device  and 
the  output  central  opposing  probe  has  located  at  place 
where  all  anus  are  connected  together. 


t 


Output  probe 


Input  probe  of 
34  TV  channel 


Input  probe  of 
38  TV  channel 


Input  probe  of 
21  TV  channel 


2 

I 


a 


Fig.  1.  Opposing  probes  band-pass  filter  multiplexer  for 
the  three  TV  broadcasting  transmitters  of  the 
decimeters  waves  band  (21,  34,  38  TV  channels): 
horizontal  section  (a),  section  in  the  plane  (b)  of  the 
filters  of  the  34  m  38  TV  channels 


A  travelling  wave  resonator  multiplexer  has  been  de¬ 
signed  for  summation  of  the  5  TV  channel  (92-100 
MHz)  and  a  part  of  the  European  FM  band  (107.4- 
108.0  MHz). 

To  design  such  multiplexer  a  special  procedure  has 
been  used  that  based  on  design  of  model-prototype  low- 
frequency  filter  for  some  set  of  given  approximations  of 
amplitude-frequency  response.  Next  step  of  design 
procedure  has  involved  determination  of  quality  factors 
of  resonators  tliat  formed  by  directed  filter  with  travel¬ 
ling  wave  mode  [2,  4], 

By  using  of  the  Chebyshov  approximation  of  ampli¬ 
tude-frequency  response  of  equivalent  filters,  multi¬ 
plexer  with  given  performances  can  be  implemented  by 
using  of  two  travelling  wave  resonators. 

The  multiplexer  for  given  TV  channels  has  been  ac¬ 
complished  by  cascade  connections  of  three  directional 
couplers  based  on  coupled  transmission  lines  with 
crosstalk  attenuation  13.07  dB,  31.01  dB  and  13.07  dB 
correspondingly.  The  resonators  of  travelling  wave 
formed  by  such  connections  have  been  tuned  to  reso¬ 
nance  frequency  of  107.7  MHz.  Schematic  presentation 
of  this  multiplexer  is  shown  in  Fig.  2. 


Input  of  5  TV 

T(HH 

30,01  dB 

13.07dB 

Ml — II 


Output 


Input  107.4- 108.0  Mhz 


Fig.  2.  Schema  of  travelling  wave  resonators  for 
summation  of  signal  of  5  TB  channel  (92-100  MHz)  and 
a  part  of  the  European  FM  band  (107.4-108.0  MHz) 
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Laboratory  examination  as  well  as  testing  under  high- 
power  operation  have  estimated  that  main  difficulties  to 
tune  device  properly  is  elimination  of  unwanted  travel¬ 
ling  wave  propagated  in  opposite  direction  to  main 
travelling  wave  operation  mode. 

This  fact  is  forced  due  to  presence  of  wave  reflection 
from  input  terminals  of  the  directional  couplers  due 
small  but  finite  value  of  VSWR  achieved.  Such  un¬ 
wanted  return  wave  is  excited  also  due  to  finite  value  of 
directivity  factors  of  directivity  couplers  used  and  de¬ 
creases  sufficiently  inter-channel  isolation  and  in¬ 
creases  VSWR  simultaneously.  Some  preventive  meas¬ 
ures  to  compensate  return  waves  have  been  proposed 
and  implemented  effectively  without  a  serious  revision 
of  total  multiplexer. 

To  obtain  device  features  closed  to  suitable  ones  de¬ 
mands  exact  setting  of  crosstalk  attenuation  magnitudes 
of  the  directional  couplers.  Tuning  of  crosstalk  at¬ 
tenuation  of  the  directional  couplers  has  been  made  by 
tuning  of  each  resonator  separately.  Note  that  ampli¬ 
tude-frequency  response  of  each  resonator  should  be 
setting  under  consideration  of  its  internal  loss. 

MODIFIED  BAND-STOP 
FILTER  MULTIPLEXER 

This  type  of  multiplexer  has  been  developed  to  give 
possibility  of  increasing  number  of  broadcasting  chan¬ 
nels  by  adding  new  base  modules  for  corresponding 
new  channels  without  any  revision  existing  before  de¬ 
vice  of  such  architecture  (Fig.  3).  The  considered  before 
multiplexer  have  no  such  opportunities. 

In  order  to  reach  declared  goal  a  special  kind  of  six- 
port  microwave  device  has  been  developed  and  studied 
experimentally  that  based  on  modification  of  band-pass 
filter. 


BPF  BMl  BM2  BM3 


TT*  TT  Tj 

Input  1  Input2  Input3  Input4 

BPF  -  Barid  Pass  Filter 
BM  -  Base  Module 


As  results  of  developing  and  studies  of  the  six-port  base 
module,  a  multiplexer  of  four  TV  decimeter  wave 
channels  has  been  designed,  fabricated  and  tested.  This 
device  has  been  tuned  to  necessary  performances  like 
ones  in  table  1  without  any  principal  problems  and 
good  agreement  between  given  and  measured  figures 
has  been  achieved. 

The  multiplexer  of  such  kind  has  been  tested  effectively 
and  used  at  present  at  a  broadcasting  center  in  Ukraine. 

CONCLUSIONS 

Presented  before  the  four  variants  of  TV  and  radio 
broadcasting  multiplexer  of  the  decimetric  and  metric 
waves  band  have  been  developed  and  designed  due  to, 
firstly,  precise  electrodynamics  models  of  device’s 
components  and,  secondly,  due  to  design  procedures  to 
get  necessary  device’s  performances  like  ones  in  table 

1.  The  electrodynamics  2-D  and  3-D  models  of  much 
number  of  device’s  components  that  include  thermal 
modes  of  device  under  high-power  operation  construc¬ 
tion  as  well  as  tolerance  and  jitter  of  real  manufacture 
processes  have  been  involved  in  special  software  to 
make  exactly,  eas>'  and  faster  design  efforts.  This  soft¬ 
ware  contains  also  synthesis  procedures  for  total  device 
that  are  adaptation  and  modification  of  known  methods 
of  filter  design  etc. 

Besides  developing  and  designing  experience,  some 
valuable  practice  of  device’  manufacturing,  tuning  and 
testing  has  been  obtained  also  that  allows  to  solve 
similar  problems  effectively. 
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Fig.  3.  Schematic  presentation  of  multiplexer  by  using 
of  six-port  modified  band-pass  filters 

The  six-port  microwave  serves,  as  a  base  module  to 
build  necessary  architecture  of  multiplexer  with  op¬ 
portunities  of  its  extending  with  new  additional  chan¬ 
nels  if  is  necessary. 
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The  devices  based  on  the  Iron-Yttrium  Garnet  (lYG) 
films  are  used  in  radio-location  technique  in  UHF  sys¬ 
tems,  particularly  in  the  antennas.  The  examples  of 
such  devices  are  delay  lines  and  filters.  The  transfer 
characteristics  of  such  devices  were  considered  in  [1] 
where  mostly  single  surface  films  were  studied. 

In  this  work  we  studied  the  transfer  characteristics  of 
the  UHV  devices  based  on  two  surface  ferrite  films.  A 
two  surface  films  were  based  on  relatively  thick  (500 
pm)  substrate  of  Gallium  Gadolinium  Garnet  (GGG). 
The  10  pm  tliick  lYG  film  was  epitaxially  grown  on 
this  substrate  (see  Fig.  1).  Eletrodynamicalty,  the  two 
surface  film  is  a  ferrite-dielectric-ferrite  system.  Me¬ 
chanically,  it  is  a  three  layer  system  with  one  layer 
significantly  thicker  than  the  others.  Under  such  values 
of  substrate  and  ferrite  layer  thickness,  the  film,  de¬ 
formed  in  the  plane  nonna!  to  its  surface  (bending 
deformation),  has  one  ferrite  layer  stretched  and  an¬ 
other  one  squeezed.  This  results  in  effective  internal 
magnetic  fields  of  single  axis  crystallographic  anisot¬ 
ropy  H ^  emerging  in  ferrite  layers.  The  fields  are  of 
the  opposite  signs.  The  magnitude,  direction  and  uni¬ 
formity  of  the  fields  induced  by  elastic  stresses  are 
defined  by  deformation  characteristics.  It  affects  sub¬ 
stantially  the  dispersion  of  magnetostatic  waves  in 
films,  and,  respectively,  the  transfer  properties  of  de¬ 
vices  with  lYG  ferrites. 

The  experiments  were  performed  on  the  setup  sche¬ 
matically  shown  in  Fig.  1 .  A  transmission  line  consists 
of  electromagnetic-to-magnetostatic  wave  antenna 
transformer,  a  film,  and  a  magnetostaic-to- 
electomagnetic  wave  antenna  transformer.  For  effective 
transformation  of  electromagnetic  waves  into  magne¬ 
tostatic  waves  and  vice  versa,  the  antenna  transformers 
were  made  in  the  form  of  loops  around  the  film.  The 
transfer  characteristics  of  the  line  were  studied  in  the 
range  2-4  GHz  with  the  R2-53  detector.  The  antenna 
transformers  and  external  magnetic  field  were 
oriented  such  that  only  a  surface  magnetostatic  wave 
(SMSW)  was  excited  and  propagated  in  the  film.  The 
SMSW  reflections  from  various  inhomogeneities  re¬ 
sulted  in  indention  of  transfer  characteristic  (see  Fig. 
2).  This  adversely  affected  the  precision  of  obtained 
transfer  characteristics. 


Fig.  1.  Ferrite  transmission  line 
1 ,2  -  antenna  transformers;  3  -  dielectric  supports; 

F- transmission  line  deformig  force; 

//„  -  external  held;  a,  b,  c,  d- ferrite  layers  surface. 


Fig,  2.  1  -  non-deformed  line,  2  -  deformed  line 


Since  tlie  surface  of  SMSW  propagation  is  defined  by 
the  direction  of  and  wave  vector  K  [2],  and  they 
have  same  directions  in  both  layers,  the  wave  always 
propagated  along  the  film  air  interface  for  one  layer 
and  along  film-substrate  interface  for  another  layer.  In 
our  case  (see  Fig.l)  the  SMSW  propagated  along  the 
"a"  surface  in  the  upper  layer  and  "c"  surface  in  the 
lower  one.  The  reflected  waves  propagated  along  the 
“b”  and  “d”  surfaces.  The  resulting  transfer  character¬ 
istic  is  a  superposition  of  the  transfer  characteristic  of 
each  of  film's  sides.  Thus,  the  transfer  characteristic  of 
transmission  line  depends  both  on  the  amplitudes  of 
SMSW  excited  in  each  ferrite  layer,  and  the  propaga¬ 
tion  condition  (air,  dielectric)  of  these  waves  in 
waveguiding  layers. 
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The  influence  of  elastic  deformation,  external  magnetic 
fields  and  temperature  on  the  transfer  characteristic  of 
transmission  line  based  on  a  two  surface  ferrite  film 
was  studied.  The  change  of  transfer  characteristic 
caused  by  elastic  deformations  is  shown  in  Fig.  2. 


Fig.  3.  The  external  field  influence 
on  the  edge  UHV  shift 


Such  changes  are  resulted  from  emergence  of  single 
axis  ciyslallographic  anisotropy  fields  H ^  in  ferrite 
layers  due  to  bending  defonnations.  The  films  is  place 
of  dielectric  supports  and  is  bent  by  applying  the  force 
to  its  middle.  As  shown  in  [3],  the  anisotropy  fields  add 
up  with  demagnetizing  fields  is  saturation 

magnetization),  and  shift  the  dispersion  characteristic 
of  SMSW  along  the  frequency  axis,  ru, . 

col  =  r\H,  +  ITIM,  ±  ny  -  y- {27zM,  ±  (1) 

Since  under  the  bending  deformation  one  ferrite  layer  is 
stretehed  and  another  one  is  squeezed,  the  anisotropy 
fields  are  of  the  opposite  sign  which  is  reflected  in 
(1).  In  case  of  stretching,  the  II ^  field  added  up  to  the 
internal  films  and  the  transfer  characteristic  was  shifted 
toward  higher  frequencies.  Squeezing  reduces  the  in¬ 
ternal  field  (negative  sign  before  HJ  and  shifts  the 
transfer  characteristie  toward  a  low  frequency  range. 
Since  the  transfer  characteristic  of  different  layers  are 
shifted  to  the  opposite  directions,  the  resulting  curve  is 
broadened.  The  dependence  of  the  transfer  characteris¬ 
tic  edge  on  the  film  curvature  R  '  (R  is  bending  ra¬ 
dius)  is  shown  in  Fig.  3.  A  ’  was  chosen  as  an  inde¬ 
pendent  variable  because  it  is  proportional  to  II ^  [4]. 

In  our  experiments,  the  anisotropy  induced  field 
H ^  ;  2otV/(, ,  and  2\K\d  «\.  The  last  relation¬ 

ship  is  valid  because  the  lower  end  of  transfer  charac¬ 
teristic  corresponds  to  |  A'  |=  0  and  the  upper  end  corre¬ 
sponds  to  |A|  <40  cm'.  Thus,  as  seen  from  (1), 
^-7\K\d  ^  co^~  The  linearity  of  the  depend¬ 
ence  of  the  shift  of  transfer  characteristic  end  on  the 


elastic  stress  (//„)  is  confirmed  by  the  plot  in  Fig.  3.  It 
is  also  seen  from  this  plot,  that  the  ends  of  transfer 
characteristic  shifted  differently  because  different 
physical  processes  arc  responsible  for  the  exciting  and 
damping  of  SMSW. 

It  was  shown  in  [I]  that  inhomogeneous  elastic  stresses 
induced  inhomogeneous  fields  of  single  axis  crystallo¬ 
graphic  anisotropy  in  films  that  resulted  in  narrowing 
down  of  the  transfer  range  of  one  surface  films  trans¬ 
mission  line.  In  our  case  the  film  was  rectangular, 
fields  were  inhomogeneous  and  the  transfer  character¬ 
istic  of  each  layer  narrowed  down.  However,  this  nar¬ 
rowing  was  much  less  than  the  broadening  due  the 
elastic  stresses. 

We  also  studied  the  influence  of  external  magnetic  field 
and  saturation  magnetization  on  the  transfer  character¬ 
istic.  The  experiment  showed  that  the  change  of  both 
//j  field  and  magnitude  (A/„  was  changed  by 
film  heating)  resulted  in  shift  of  the  transfer  character¬ 
istic  along  the  frequency  axis,  in  accordance  with  eq. 
(1).  Also,  the  width  of  transfer  characteristic  changed 
due  to  the  shift  in  dispersion  characteristic  [1].  With 
the  //„  and  increase,  the  transmission  range  of 
both  ferrite  layers  narrowed  down.  The  change  of  tlie 
transfer  cliaracteri.stic  witli  //„(A//g)  and  (4/rAA/„) 
variation  is  much  smaller  than  tlie  change  (broadening) 
caused  by  induced  anisotropy  fields 
(//„=Af/„,4;rM/J. 

Summarizing,  the  deformation  of  two  surface  ferrite 
transmission  line  as  well  as  change  of  its  temperature 
and  external  field  affects  the  line  transfer  characteristic. 
This  change  affects  the  spectra  of  signals  transferred 
along  the  line.  As  a  result  "amplitudno-fazovye  xarak- 
teristiki"  of  directivity  pattern  of  multielement  antenna 
systems,  w'here  these  lines  are  used,  are  affected. 
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This  paper  gives  a  description  of  the  facilities  for  the 
combined  calibration  of  the  L-  and  VHF-band  radars 
(?v,  »  23  cm,  SAR-23  and  X  a  180  cm,  SAR- 180,  re¬ 
spectively)  installed  in  the  air-borne  ‘'MARS"  system 
[1]  where  tlie  MW  delay  lines  are  employed.  The  tech¬ 
nique  for  the  combined  SAR  calibration  involves  a 
periodic  external  calibration  of  point  calibrated  reflec¬ 
tors  (transponders)  being  mounted  close  to  the  surfaces 
under  study  or  on  special  testing  sites  as  well  as  con¬ 
tinuous  internal  calibration  with  indispensable  record¬ 
ing  of  real  carrier  flight  parameters  [2]. 

The  main  feature  in  the  implementation  of  SAR  inter¬ 
nal  and  external  calibration  of  the  air-borne  "MARS" 
system  is  that  the  ultrasound  MW  signal  delay  lines  are 
extensively  used.  These  lines  enable  tlie  transmitted 
SAR  signals  to  be  utilized  for  internal  calibration  (this 
tends  to  improve  the  accuracy  of  the  latter)  and  adds  up 
to  new  possibilities  of  measuring  and  checking  SAR 
parameters. 

The  construction  and  procedure  of  the  internal  SAR 
calibration  are  highlighted  by  their  peculiar  features 
because  of  the  differences  in  implementing  antenna 
systems  (controlled  active  phase  antenna  array  [APliA] 
in  the  SAR-23  and  non-controlled  passive  one  [PhA]  in 
the  SAR- 180).  These  differences  make  themselves 
evident  both  in  selecting  the  ways  of  internal  calibra¬ 
tion  and  in  tackling  the  most  challenging  issues  of 


internal  calibration,  i.e.  of  checking  the  basic  parame¬ 
ters  of  the  SAR  antenna  array  (gain,  the  width  and 
configuration  of  a  the  radiation  pattern).  It  is  apparent 
that  these  parameters  can  only  be  measured  in  terms  of 
the  external-calibration  results.  However,  as  our  experi¬ 
ence  suggests,  the  variation  in  gain  caused  by  the  ex¬ 
ternal  APhA  (PhA)  elements  (radiators  and  their  feed¬ 
ers)  are  unlikely,  since  it  may  be  brought  about  by 
mechanical  misalignment  or  damage  of  rigidly  fixed 
antenna  array  radiators.  Therefore,  to  ensure  that  the 
antenna  array  gain  is  properly  checked  it  is  necessaiy 
that  the  internal  calibration  should  be  able  to  check  the 
amplitude-phase  characteristics  of  the  receiving- 
transmitting  APhA  channels  to  a  sufficient  accuracy. 

The  SAR-23  APhA  is  an  electrically  controlled  multi¬ 
element  (16  receiving-transmitting  radiators)  antenna 
array  with  a  high  gain  (=  19.4  dB).  That  system  pro¬ 
vides  for  receiving  and  transmitting  the  chirp-signals 
with  vertical  and  horizontal  polarizations  and  enables 
the  spatial  position  of  the  combined  pattern  and  the 
azimuthal  plane  (±  10°)  to  be  rapidly  changed  (1-3 
psec).  Separate  active  feeding  systems  (16  receiving 
and  16  transmitting  channels)  of  the  overall  antenna 
array  are  employed  for  the  SAR-23  APhA.  In  addition 
to  an  increase  in  decoupling,  this  system  makes  it  pos¬ 
sible  to  construct  a  multi-functional  system  of  calibrat¬ 
ing  and  checking  its  working  capacity  (see  Fig.  1). 


Fig.  1,  Functional  Diagram  of  SAR-23  APhA  Calibration 
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The  operating  principle  of  this  calibration  system  is 
that  a  certain  fraction  of  Uie  output  power  in  each  of  the 
16  transmitting  channels  arrives  at  the  input  of  the  MW 
delay  line  (it  works  based  on  the  principle  of  repeated 
reflection)  via  the  system  of  “receiving-transmitting" 
commutators,  a  summator  and  a  circulator.  The  line- 
delayed  radio  pulses  are  fed  by  the  circulator  to  the 
symmetrical-in-number  input  of  the  receiving  phasing 
system  (1-st  to  the  16-th,  2-tli  to  the  15-th,  etc.) 
through  a  divider  and  a  system  of  the  ‘'recep¬ 
tion/calibration"  commutators.  In  the  nonnal  operation 
of  tlie  system,  for  phasing  the  receive/transmit  APhA 
section  at  the  receiver  output,  the  radio  pulses  are  equal 
in  amplitude  and  phase  (it  is  because  they  pass  through 
the  circuits  having  an  equal  electric  length  and  at¬ 
tenuation).  A  difference  in  amplitude  or  phase  in  some 
of  the  receiving-transmitting  channel  pairs  is  indicative 
of  errors  in  transmitter  or  receiver  phasing  s>'stems. 
The  accuracy  of  these  measurements  is  largely  deter¬ 
mined  by  the  stability  of  the  MW  delay  line  parameters. 
Therefore,  the  delay  line  is  placed  in  a  special  thermo- 
stabilized  box.  The  accuracy  of  these  measurements  is 
being  checked  using  the  data  from  in-situ  measure¬ 
ments  of  the  amplitude  and  phase  characteristics  of  the 
receiving  and  transmitting  APhA  channels.  The  sug¬ 
gested  technique  enabled  tlie  transmission  factors  of  the 
above-mentioned  pairs  of  the  receive/transmit  channels 
to  be  compared  within  an  accuracy  of  <  0. 15  dB  and  the 
phase  dilTerence  between  them  to  be  determined  with 
an  error  of  not  more  than  3°  to  5°.  Using  different 
modes  of  switching  the  high-speed  MW-diode  com¬ 
mutator  ensures  that  routine  information  about  tlie 
status  of  all  the  receiving/transmitting  APhA  channel 
pairs  is  collected  both  immediately  during  the  radar 
surveying  of  the  objects  under  study  and  in  the  course 
of  adjusting  the  equipment  and  the  pre-flight  APhA 
checking. 

The  conditions  under  which  various  t>pes  of  objects 
under  study  are  being  surveyed  often  require  that  the 


receiver  amplification  be  fine-adjusted  and  the  temporal 
automatic  gain  control  (AGC)  corrected.  To  perfonn  a 
real-time  checking  of  the  receiver,  a  SAR  calibration 
mode  is  provided.  In  this  mode,  a  series  of  decreasing 
pulses  generated  by  the  MW  delay  line  is  delayed  to  be 
placed  directly  in  a  receiver  band-width.  The  ampli¬ 
tudes  of  the  pulses  of  this  series  are  recorded  twice,  i.  e. 
when  the  receiver  temporal  AGC  is  an  on  and  off  posi¬ 
tion.  A  comparison  between  these  data  makes  it  possi¬ 
ble  to  restore  the  shape  of  the  receiver  temporal  AGC 
and  to  estimate  its  dynamic  range. 

For  the  system  of  the  SAR-180  internal  calibration,  the 
MW  delay  line  is  utilized  to  shape  the  calibration  levels 
of  signals  in  a  special  section  of  an  image  line.  For  this 
purpose  a  part  of  the  output  MW  amplifier  power  enters 
the  calibration  system  (see  Fig.  2)  via  a  directional 
coupler.  The  level  of  the  coupled  power  is  controlled  by 
a  steps  attenuator  (the  number  of  step  is  16,  the  mag¬ 
nitude  of  each  step  is  s  3  dB).  The  step  of  the  attenu¬ 
ator  in  combination  with  the  MW  delay  line  provides 
for  the  required  level  of  linearity  of  the  calibration 
signal  transmission  tlirough  the  receiver.  Of  the  train  of 
pulses  shaped  by  the  MW  delay  line,  the  second  pulse 
which  is  delayed  by  30  psec  in  relation  to  transmitted 
one  passes  through  the  switch  at  the  delay  line  output  to 
the  receiver  input.  This  signal  is  also  amplified  by  a 
receiver  and  further  processed  using  the  same  algorthm 
which  is  applied  to  process  the  signals  being  received 
from  an  object  under  study.  To  render  the  data  han¬ 
dling  more  convenient  the  step  attenuator  is  switched 
over  to  the  next  position  within  3  sec.  With  a  knowl¬ 
edge  of  the  transmission  factor  of  the  calibration  chan¬ 
nel  it  is  possible  to  determine  the  level  of  the  transmit¬ 
ted  signal  power  and  make  a  check  on  its  stability. 
Besides,  the  amplification  and  the  dynamic  range  of  the 
entire  receiving  channel  can  likewise  be  checked.  To 
improve  the  measurement  accuracy,  the  delay  line  is 
placed  in  a  special  thennostabilized  box  (similarly  to 
the  SAR-23  calibration  system). 


to  antenna  phase  array 


Fig.  2.  The  system  of  the  SAR-180  internal  calibration 
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Fig.  3.  Functional  diagram  of  active  (a,b)  and  passive  (c)  transponders  for  checking  of  the  SAR  parameters  and  the 
SAR  calibration  of  the  "MARS"  system,  (a)  -  with  a  phase  modulator;  (b),  (c)  -  with  a  delay  line;  1,2-  switching 

versions  of  AT 


The  external  calibration  and  checking  of  the  SAR  pa¬ 
rameters  of  the  "MARS"  system  were  perfonned  by 
using  active  (AT)  and  passive  (PT)  transponders  (see 
Fig.3).  Relatively  to  the  conventional  transponders  [3], 
the  ATs  are  complemented  by  a  phase  modulator  (Fig. 
3a)  and  MW  delay  line  (Fig.  3b). 

In  the  AT  (Fig.3a),  the  phase  modulator  is  realized  as 
the  sequentially  switched  speed-variable  phase  shifters 
with  (p  =  90  cp  =  180  (p  =  270  cp  =  0  °  to  simulate 
the  spectrum  the  of  pseudo-Doppler  frequencies  in  the 
reflected  signal.  As  a  result,  it  can  be  efficiently  utilized 
to  run  an  on-ground  check  of  the  basic  SAR  parame¬ 
ters.  The  application  of  tlie  phase-modulator  trans¬ 
ponder  makes  it  possible  to  perform:  polarization 
measurements  of  the  radiation  pattern,  and  the  level  of 
the  APliA  and  PliA  side  lobes;  adjusting  the  unit  for 
measuring  the  Doppler  frequencies  of  an  APhA  (PhA) 
beam,  testing  of  the  on-board  signal  processing  system; 
evaluating  the  SAR  potential. 

Using  the  signals  received  from  the  AT  with  a  tumed- 
on  delay  line  (Fig.  3b)(they  are  shown  on  a  radar  image 
as  a  series  of  amplitude-descending  pulses  spaced  at 
T  =  6  |j,sec)  makes  it  easy  to  locate  the  AT  against  the 
background  of  any  terrain.  The  presence  of  temporal 
reference  points  (and  hence,  the  spatial  ones)  pennits 
estimating  the  geometrical  distortions  of  a  radio  image 
acquired. 

The  passive  delay-line  transponder  was  also  used  along 
with  the  AT  to  check  the  SAR  parameters  (Fig.  3c). 
This  transponder  served  the  purpose  of  supervising  tlie 
pre-flight  status  of  the  SAR-23  antenna  array  compo¬ 
nents.  In  this  case,  the  transponder  was  alternately 
positioned  at  a  certain  distance  from  the  antenna  array 


plane  surface  opposite  to  each  of  the  radiators  whereas 
the  SAR-23  internal  calibration  system  was  set  to  per¬ 
form  switching  of  the  corresponding  receiving- 
transmitting  channel  pairs.  The  passive  transponder 
reflected  each  pulse  radiated  by  a  transmission  channel 
as  a  series  of  delayed  pulses.  The  checking  of  the  ra¬ 
diators  condition  was  made  while  measuring  the  num¬ 
ber  of  delayed  pulses  at  the  receiver  output. 

The  use  of  the  MW  delay  lines  in  the  external  and 
internal  calibration  devices  of  the  ‘MARS"  system 
SAR  not  only  enabled  the  technique  of  combined  cali¬ 
bration  to  be  implemented  right  on  an  aircraft,  but  also 
provided  for  on-ground  adjustment  and  checking  of  the 
parameters  of  basic  SAR  assemblies  and  the  SAR  facil¬ 
ity  as  a  whole. 
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ABSTRACT 

A  set  of  passive  and  active  devices  based  on  dielectric, 
ferrites  and  semiconductors  for  the  frequency  ranges  26 
-  48,  80  -  120,  and  115  -  145  GHz  have  been  created 
and  investigated.  These  devices  use  dielectric  strip 
waveguides,  image  waveguides,  nonradiative 
waveguides  of  rectangular  cross-section  and  provide 
optical  or  magnetic  control  of  attenuation,  phase  and 
polarizat  ion.  The  advantages  of  the  reported  devices  are 
as  follows:  broad  band,  simple  constniction,  small 
dimensions,  low  weight  and  price  cost.  ReceiWng, 
transmitting  and  measuring  systems  using  above  men¬ 
tioned  devices  were  realized. 

INTRODUCTION 

Dielectric  strip  waveguides  (DSWs)  are  regarded  as 
perspective  transmission  lines  for  the  millimeter  (MM) 
waves  range  because  of  lower  losses,  lower  dimensional 
tolerance  requirements  and  lower  production  costs 
compared  with  the  traditional  metal  waveguides  [1]. 
Being  a  kind  of  open  transmission  line,  DSW  is  acces¬ 
sible  to  the  influence  of  electric,  magnetic  and  optical 
fields  on  its  guiding  characteristics.  Presently,  there  are 
about  a  dozen  types  of  DSWs.  All  these  types  consist  of 
wave  guiding  dielectric  strip  placed  inside  or  on  top  of 
dielectric  substrate,  or  on  top  of  metal  plate,  as  well 
between  two  metal  plates.  Using  such  DSW  it  is  possi¬ 
ble  to  realize  all  devices  and  components  similar  to 
such  circuit  elements  based  on  usual  metal  waveguides 
and  microstrip  lines  [1-3].  Here,  we  present  some  re¬ 
sults  of  investigation  of  the  DSW  made  not  only  of 
dielectric  but  also  of  ferrite  and  semiconductors.  Fer¬ 
rites  and  semiconductors  allow  one  to  design  DSWs 
with  low  propagation  loss  and  with  effective  control 
functional  elements  [4]. 

MATERIALS  FOR  DSW 

The  parameters  of  low  loss  dielectrics,  ferrites  and 
semiconductors  we  used  for  DSW  fabrication  w'ere 
presented  in  [4].  DSW  sections  made  of  TGS  crystal 
were  used  as  polarization  filters,  TGS  crystal  parame¬ 
ters  for  the  wave  propagation  along  three  crystallo¬ 
graphic  axis  were  measured  to  be  wj  =  2.74,  tanSj  = 

0.62;  «2  ~  2.31,  tan  82  =  8.4-10'2;  «3  =  2.91,  tan  83  = 

1.5- 10'^,  respectively,  at  ?>.  =  1.1  mm. 


PASSIVE  DEVICES 

We  used  two  ty^res  of  DSWs:  DSW  with  strip  placed  on 
dielectric  substrate  (refractive  index  «2  ”l)  di¬ 

electric  image  waveguide  (DIW),  Main  components  for 
frequencies  26  -  48,  80  -  120  and  115  -  145  GHz  have 
been  elaborated.  Components  are  based  on  FIFE, 
Si02,  AL2O3,  Si,  and  ferrites.  For  the  above  men¬ 
tioned  frequency  ranges  DSW  to  rectangular  waveguide 
transition  sections,  couplers,  frequency  and  polarization 
filters,  attenuators  using  rectangular  DSW  have  been 
elaborated. 

The  transitions  from  metal  rectangular  waveguide  to 
DSWs  fabricated  from  AL2O3,  NiZn  ferrite  or  high 
resistivity  semiconductor  Si  have  matching  taper  of 
(15  -  20)  X  and  the  total  transmitted  power  loss 
changes  from  0.2  dB  to  0.8  dB  in  frequency  range  from 
26  to  145  GHz,  VSWR  <  1.4.  DSW  section  fabricated 
from  ferrite  (FDSW)  and  semiconductor  (SDSW)  usu¬ 
ally  have  cross  section  a  x  b  =  1x2  =  (0.2x0.4)  X,  when 
a  and  b  DSW  wall  dimensions.  Usually  we  use  En^ 
mode  (electrical  field  strength  vector  E  is  parallel  to 
greater  wall). 

The  linear  losses  in  all  kinds  of  DSWs  without  metal 
plates  were  in  good  accordance  with  expression 

a[dB/cm]  =  27.3  tan8  n  /  X, 

where  n  and  tanS  are  values  for  strip  materials.  In  cases 
of  DIW  and  nonradiative  dielectric  waveguide  (NDR) 
the  total  linear  losses  including  conductivity'  losses 
amount  to  some  dozen  dB/cm  at  frequencies  up  to  150 
GHz. 

Passive  components  and  devices  (directional  couplers, 
polarization  and  frequency  filters,  absorbers,  interfer¬ 
ometers)  based  on  FDSW,  SDSW,  DIW  and  NDW  have 
approximately  the  same  parameters  as  in  [3].  For  ex¬ 
ample  DIW  directional  coupler  has  in  the  frequency 
range  28  -  36  GHz  the  direct  loss  16  ±  1.5  dB,  the 
insertion  loss  2  dB,  the  VSWR  <  1.4.  The  rejection 
filter  using  GaAs  DIW  resonator  coupled  to  the  main 
DIW  has  maximum  attenuation  26  dB  at  frequency 
74.5  GHz,  20  dB  rejection  within  0.3  GHz  band, 
VSWR  <  1.2,  and  insertion  loss  less  than  2  dB  outside 
file  stopband. 
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DEVICES  WITH  MAGNETIC 
AND  OPTICAL  CONTROL 

Optically  Controlled  Devices 

Optically  controlled  attenuators  and  modulators  were 
elaborated  using  photoconducting  Si  with  p  >  10'*  Ohm 
cm  in  SDSW  and  IDW.  Such  SDSW  attenuator  with 
three  standard  light  emitting  diodes  (LED)  enable  to 
change  attenuation  from  0.5  to  25  dB  at  the  26  - 
37  GHz  range.  Broadband  attenuator  comprising  a 
IDW  made  of  AL2O3  with  the  contacting  silicon  IDW 

was  for  frequency  region  80  -  120  GHz  elaborated. 
Wlien  LED  current  changes  from  0  to  0.5  A  the  inser¬ 
tion  losses  increase  from  2.2  dB  more  than  20  dB  level, 
VSWR  <  1.35.  The  losses  of  the  attenuator  linearly 
depend  on  tlie  LED  current  in  the  dynamic  range  up  to 
15  dB.  We  also  studied  operation  of  attenuators  as 
modulators  up  to  frequencies  80  kHz.  The  decrease  in 
insertion  losses  for  a  constant  current  amplitude  starts 
at  the  modulation  frequency  of  10  kHz  and  attains  80% 
at  50  kHz. 

Magnetically  Controlled  Devices 

A  set  of  devices  using  magnetically  controlled  FDSW 
were  created:  isolators,  phase  shifters,  polarization- 
plane  rotators,  channel  switchers.  We  use  nickel-zinc 
ferrite  lSCh4  of  w  =  3.7,  tanS  =  10"^,  saturation  mag¬ 
netization  47cMs  =  5000  G.  Isolators  used  composite 
waveguide  consisting  of  FDSW  with  a  direct  magnet 
and  DSW.  In  such  composite  w'aveguide  tlie  energj' 
concentration  in  FDSW  and  DSW  depends  on  the  di¬ 
rection  of  wave  propagation.  Isolators  have  insertion 
loss  from  0.9  dB  at  frequencies  25  -  40  GHz  to  1.8  dB 
at  frequencies  115  -  145  GHz.  Return  loss  is  12  - 
15  dB.  Longitudinally  magnetized  FDSW  of  aspect 
ratio  a/b  -  0.5  were  used  for  preparing  controlled  phase 
shifters  [5].  The  FDSW  was  placed  on  the  axis  of  a 
current  coil.  The  coil  of  length  of  20  -  30  mm  consisted 
of  100  -  150  winds.  At  frequencies  near  36  GHz  de¬ 
pending  on  dimensions  a  and  b  the  phase  shift  changes 
from  80  deg/cm  to  120  deg/cm  and  tlic  power  losses 
vary  from  0.4  -  0.5  dB  to  0.45  -  0.9  dB  respectively  for 
coil  current  about  0.7  A  and  ferrite  section  length  about 
50  mm.  Similar  phase  shifters  were  fabricated  for  fre¬ 
quency  ranges  up  to  145  GHz  with  the  maximum  losses 
less  than  2.0  dB  for  phase  27t  or  more.  The  same  phase 
shifters  using  Ej  mode  had  less  phase  shift  and  more 

losses  than  in  the  case  E^jy  operating  mode.  And 
phase  shift  for  Ejj^  decreases  as  magnetic  field  in¬ 
creases  contrary  to  Ej^y  mode.  In  rotators  of  the  plane 
of  polarization,  modulators,  and  switchers  a  FDSW  of 
aspect  ratio  a /b  =  \  was  used.  Faraday  rotation  angle  9 
for  FDSW  of  cross  section  axb  =  2. 8x2.8  mm^  and 
length  28  mm  was  measured  for  frequencies  29  - 


39  GHz.  This  rotation  angle  was  practically  independ¬ 
ent  on  frequency  in  interval  0  =  0  -  360°  and  this  de¬ 
pendence  is  well  approximated  by  linear  function  6  = 
189  X  /,  where  0  is  in  degrees,  and  I  is  in  amperes. 

Three  and  four  port  switches  based  on  FDSW  Faraday 
rotators  were  fabricated.  These  devices  used  T-bridges 
based  on  square  cross  section  FDSW  with  electrically 
controlled  coil  and  metal  grating  into  the  bridges.  De¬ 
pending  on  coil  current  this  grating  passes  or  reflects 
power.  Switching  losses  in  such  Faraday  device  are  less 
than  0.6  dB,  channel  isolation  is  20  dB. 

SOME  SUBSYSTEMS  BASED  ON  DSW 

Above  mentioned  devices  and  components  were  used 
for  receiving,  transmitting  and  measuring  subsystems, 
e.g.  set  up  for  permittivity  e  and  tan5  measurement  of 
small  cross  section  sample  using  NDW;  transmitting 
and  receiving  module  based  on  DIW  with  ferrite  isola¬ 
tor,  a  directional  coupler,  an  optically  controlled  at¬ 
tenuator  and  a  modulator.  The  module  had  in  the  fre¬ 
quency  range  80  -  120  GHz  insertion  losses  <3.5  dB, 
VSWR  <  1.4,  isolation  >  14  dB,  attenuation  range 

15  dB,  the  dimensions  are  20x40x120  mm^,  and  the 
weight  is  200  grams. 
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Compact  dielectric  inserts,  overlapping  a  waveguide 
cross-section  completely  or  partially,  received  the  name 
waveguide-dielectric  resonators  (WDR)  and  are  widely 
used  in  microwave  technique  as  filter  resonant  sections, 
sealed  windows  for  vacuum  tubes,  terminal  loads,  and 
so  on.  The  subject  of  studying  in  the  given  work  is 
WDRs  based  on  sections  of  partially  filled  rectangular 
waveguides  in  which  a  dielectric  plate  completely 
overlaps  a  waveguide  cross-section  through  the  height 
(Fig.  1).  Results  of  calculations  of  both  spectral  and 
scattering  characteristics  with  taking  into  account  the 
dielectric  loss  as  well  as  the  comparison  of  the  theoreti¬ 
cal  and  measured  data  arc  presented  in  the  work. 


Fig.  1.  WDR  on  a  section  of  partially  filled 
rectangular  waveguide 


The  algoritlun  of  scattering  problem  solution  for  a 
dielectric  plate  of  finite  length  is  based  on  the  general¬ 
ized  scattering  matrix  technique  with  using  a  junction 
of  hollow  and  partially  filled  waveguides  as  a  key  ele¬ 
ment.  The  generalized  scattering  matrix  of  key  element 
was  calculated  by  the  mode-matching  technique. 
Searching  the  mode  basis  of  partially  filled  waveguide 
was  performed  at  real  frequencies  on  the  base  of  disper¬ 
sion  equation  obtained  taking  into  account  dielectric 
loss.  The  feature  of  spectral  problem  solution  lies  in  the 
fact  tliat  the  all  above  stages  are  needed  to  perform  at 
complex  values  of  spectral  parameters.  The  latter  is  the 
propagating  constants  for  partially  filled  waveguides 
and  eigen  frequencies  for  resonators  on  a  section  of  a 
such  waveguide.  The  spectral  problem  was  considered 
in  a  strict  formulation  tliat  allows  for  corresponding 
Riemann  surface  as  a  domain  of  spectral  parameters 
varying. 

The  below  presented  results  obtained  for  dielectric 
plates  made  from  the  organic  materials  (polystyrene 


filled  with  titanium  dioxide):  PT-5  (e  -  5,  ianS  - 
l.MO'^)  and  PT-10  {s  =  10,  tan^  =  2.0-10'^)  The 
waveguide  cross-section  was  28.5x6.0  mm^. 

Analysis  of  the  spectral  characteristics  of  considered 
WDRs  allows  to  obtain  the  complete  infonnation  on  an 
eigen  oscillation  that  causes  one  or  another  resonant 
effect  in  the  excitation  problem.  As  an  example,  the 
real  path  of  eigen  frequency  F'  and  quality  factor  Q  of 
the  7^201  -oscillation  dependence  on  the  plate  place¬ 
ment  is  presented  in  Fig.  2. 


A  l,mm 

b 

Fig.  2.  Real  part  of  7/201  -oscillation  eigen  frequency  (a) 
and  quality  factor  (b)  dependence  on  the  plate 
placement 

The  geometrical  parameters  of  structure  are  t  -  17.2 
mm,  r  =  10  mm,  as  a  varying  parameter  is  the  excur¬ 
sion  A/  of  the  plate  axis  from  the  waveguide  one.  It  is 
significant  that  a  quality  factor  Q  of  the  7/201  -natural 
oscillation  is  decreased  in  3  times  at  shifting  the  plate 
from  the  central  placement  to  the  extreme  one.  It  is 
explained  by  the  fact  that  at  increasingly  plate  shift  the 
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level  of  coupling  between  the  natural  oscillation  on 
//20  -inode  and  -mode  of  the  input  waveguide  (the 
power  radiation  is  taken  place  on  this  mode)  is 
changed.  As  it  turns  out,  the  knowledge  of  eigen- 
oscillation  characteristics  allows  to  define  the  authentic 
ranges  of  WDRs  parameters  and  frequency  where  a 
resonant  cell  can  perform  the  function  of  a  rejecting  or 
adsorbing  waveguide  element. 

The  comparison  of  resonant  frequencies  caused  by  the 
response  on  an  excitation  of  Hiqx  -  oscillation  in  WDR 
and  connected  with  the  regimes  of  a  maximal  reflection 
of  the  incident  T/io  -mode  is  illustrated  by  the  data  in 
Fig.  3  (a  —  /  =  10  mm,  r  =  17.2  mm;  b  —  r  =  17.2  mm, 
r  =  10  mm).  The  theoretical  results  are  marked  by  solid 
curves  and  measured  ones  by  crosses.  As  one  can  see, 
the  results  of  constructed  numerical  algorithm  agree 
closely  with  the  measured  data. 


a 


b 

Fig.  3.  Dependence  of  maximal  reflection  resonant 
frequencies  for  plates  on  PT-5  (a)  and  PT-10  (b) 

It  should  be  noted  that  the  reflection  level  at  each  fre¬ 
quency  point  is  distinct.  It  is  caused  by  a  different 
quality  of  operating  oscillation  at  each  point  and  differ¬ 
ent  level  of  adsorbed  power  correspondingly. 

The  comparative  analysis  of  spectral  and  scattering 
characteristics  allows  to  formulate  a  set  of  qualitative 
conclusions.  In  particular,  it  is  possible  to  choose  such 


a  plate  placement  when  the  level  of  adsorption  is  « 
0.5.  At  that  parameters  WDR  can  operate  as  an  ad¬ 
sorbing  cell  (see  Fig.  4a).  The  determining  factor  in 
choosing  the  optimal  parameters  (on  maximal  adsorp¬ 
tion)  is  the  relation  between  a  eigen-oscillation  quality 
and  dielectric  one.  Unlike  WDR  completely  overlap¬ 
ping  a  waveguide  cross-section  for  which  a  maximum 
of  adsorption  was  observed  at  tan5  »  0.5  -  0.6 , 

in  WDRs  on  partially  filled  waveguides  such  a  maxi¬ 
mum  takes  a  place  at  po  *  maximal  adsorp¬ 

tion  is  observed  for  plates  located  near  a  waveguide 
axis  and  resonant  curve  is  wider  for  WDRs  on  dielec¬ 
tric  with  a  large  tantS 

It  is  clear  that  WDRs,  having  a  large  g-factor  of  eigen 
oscillations,  are  conjectural  in  using  as  rejecting  cells  at 
r|  >  po  •  However,  it  is  not  difficult  to  choose  such  pa¬ 
rameters  of  WDR  at  which  they  can  provide  a  regime  of 
reflection  close  to  a  complete  one  (see  Fig.  4b  at  cl  = 
11.15  mm). 


a 


b 

Fig.  4.  Frequency  response  of  adsorbed  (a)  and 
reflected  (b)  powers  for  WDRs  on  PT-5 


As  a  rule,  WDRs  operating  on  H20  -mode  is  preferable 
for  creating  a  rejecting  cell  when  the  plate  is  placed 
near  a  side  wall. 

The  authors  wish  to  thank  Dr.  A.G.  Yuschenko  for  the 
submitted  measured  data. 
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The  spectral  theory  of  open  waveguide  structures  is 
successfully  employed  over  a  period  of  years  for  study¬ 
ing  electromagnetic  properties  of  extended  structures  of 
waveguide  type  (waveguide  broadening  of  finite  length, 
finite  length  dielectric  bifurcation  of  a  waveguide  etc.). 
Our  work  presents  some  results  of  applying  the  spectral 
theory  to  tlie  analysis  of  waveguide  unhomogeneities 
with  small  longitudinal  dimensions,  namely  multiple 
aperture  rectangular  irises  in  a  rectangular  waveguide. 
Rejection  frequency  response  is  the  salient  feature  of 
such  irises  if  their  cross-section  contains  at  least  two 
slots  of  different  geometry.  A  number  of  works  were 
devoted  to  studying  frequency  responses  of  rejection 
multiple  aperture  irises.  A  tool  of  their  studying  was  or 
the  circuit  theoiy  [1]  or  the  diffraction  theory  [2].  In 
our  previous  works  |3,  4]  we  have  established,  in  par¬ 
ticular,  that  the  number  of  total  transmission  re.sponses 
on  the  iris  frequency  response  are  coincident  with  the 
number  of  the  slots  having  different  geometry.  Dimen¬ 
sions  of  these  apertures  define  the  location  and  quality 
factor  of  the  total  transmission  resonances.  However  the 
reason  of  forming  such  a  frequency  response  is  not 
revealed  yet.  Employment  of  the  spectral  theory  can 
give  an  answer  for  this  question. 

By  a  spectral  problem  is  meant  searching  those  values 
of  the  complex  spectral  parameter  ic=a/X=K'+iK‘\  for 
which  homogeneous  equation  of  Helmholtz  has  non¬ 
trivial  solution.  The  Riemann  surface  with  the  euts,  tliat 
begin  in  the  branching  points,  where  propagation  con¬ 
stant  of  input  waveguide  dominant  mode  x  =  0 ,  is  the 
definition  region  for  the  spectral  parameter.  All  the 
studies  were  carried  out  on  the  first  sheet  of  the  Rie¬ 
mann  surface  between  the  first  and  the  second  cuts,  that 
corresponds  to  the  single  mode  regime  of  input  and 
output  waveguides.  Complex  frequeneies  of  the  struc¬ 
ture  under  consideration  were  found  as  complex  roots 
of  the  determinant  of  the  homogeneous  linear  algebraic 
equations,  when  the  frequency  parameter  changed.  The 
values  of  the  frequency  parameter  corresponding  to  the 
total  transmission  resonance  on  the  frequency  response 
are  used  as  initial  values.  A  pair  of  complex  roots  is  the 
solution  of  the  spectral  problem  in  the  complex  fre¬ 
quency  region.  They  correspond  to  two  types  of  natural 
oscillations  of  two-aperture  iris.  One  of  them  has  low 
quality  whereas  the  other  hss  high  quality. 

In  according  to  the  spectral  theory  frequency  depend¬ 
ence  of  tlic  reflectivity  for  tlie  dominant  mode  of  the 


waveguide  circuit  can  be  reconstructed  by  the  set  of 
natural  frequencies  of  the  waveguide  unhomogeneity 
[5]: 

i£’"|(Re(K))  = 

(-t  - \eig  )(t^  +  -^leig  )('t^  -  "ileig  )('^  +  ^2eig  )  ^  ^ 

(x  +  Xjgjg  )(x  —  Xjgjg  )(x  —  '^2eig  '^2eig  ) 

where  IS*'!  is  the  module  of  the  reflectivity  for  Hio- 

mode  at  the  real  frequency,  x  =  Vk^  1/4  is  the  propa¬ 
gating  constant  of  /fjo-mode,  /Qig  is  the  pole,  in  the 
vicinity  of  which  the  expansion  is  carried  out;  the  sign 
under  x^/^  means  the  complex  conjugation  operation. 

Figure  1  presents  an  example  of  such  a  reconstruction 
for  a  two-aperture  iris.  Cross-section  of  the  iris  contains 
two  horizontal  rectanguhu"  apertures  with  the  dimen¬ 
sions  of  13x1  mm^  and  16x1  mm^.  The  slots  were  cut 
immediately  adjacent  to  the  upper  and  the  bottom  walls 
of  the  rectangular  waveguide  WR-90.  Iris  thickness  is 
0.48  mm.  The  frequency  response,  reconstructed  by 
above  written  formula  (dashed  line  on  the  upper  part  of 
Fig.  1)  is  compared  with  the  solution,  obtained  on  the 
base  of  rigorous  solution  of  the  diffraction  problem 
(solid  line).  The  values  of  complex  natural  frequencies, 
by  which  the  reconstruction  was  carried  out,  are 
marked  in  the  bottom  part  of  the  Fig.  1.  As  usual,  the 
location  of  total  transmission  resonance  points  are  close 
to  the  real  part  of  complex  natural  frequency  only  for 
high  quality  oscillations.  It  is  obviously  that  all  the 
peculiarities  of  the  frequency  response  are  explained 
well  by  the  excitation  of  two  natural  oscillations  of  the 
iris.  On  order  to  make  tliis  conclusion  it  is  sufficiently 
to  compare  tlie  pair  of  solid  and  dotted  curves  from  the 
Fig.  1.  From  the  figure  we  notice  that  the  curves  are 
coincident  qualitatively  with  high  accuracy  in  the  reso¬ 
nant  region. 

In  order  to  verify  the  validity  of  our  conclusions  and  to 
estimate  the  accuracy  of  obtained  results  a  number  of 
experimental  measurements  was  carried  out  for  the 
irises  vvitli  different  geometry  of  the  slots.  Fig.  2  pres¬ 
ents  calculated  (solid  line)  and  experimental  (solid  line 
with  squares)  frequency  response  for  two-aperture  iris 
of  above-mentioned  geometry.  The  frequency  of  the 
rejection  resonance  is  9.32  GHz.  Its  bandwidth  is 
9.6  %.  The  difference  between  calculated  and  measured 
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Fig.  1,  Frequency  response  for  two  aperture  iris.  Iris  thickness  is  0.48  mm. 
Slot  dimensions  are  13x1  mm^  and  16x1  mm^ 


Fig.  2.  Calculated  and  measured  transmission  loss  characteristic  for  two  aperture  iris 


data  is  explained  by  ideal  theoretical  model,  in  which 
the  Ohmic  loss  are  not  taking  into  account,  and  by 
relatively  low  quality  of  iris  manufacturing. 

So,  we  conclude  that  specific  character  of  the  frequency 
response  for  the  rejection  multiaperture  iris  can  be 
interpreted  as  a  response  for  the  excitation  of  the  pair  of 
natural  oscillations  in  the  iris.  Using  the  spectral  theory 
in  the  design  of  rejection  irises  with  given  characteris¬ 
tics  is  one  of  perspective  lines  of  application  for  the 
obtained  results.  It  decreases  significantly  the  comput¬ 
ing  time  for  iris  prototype  calculations. 

The  author  would  like  to  express  thanks  to  Prof  Ana¬ 
toly  A.  Kirilenko  for  many  helpful  discussions  during 
the  course  of  this  work. 

The  author  wishes  to  acknowledge  E.  A.  Sverdlenko  for 
the  help  while  carrying  out  the  measurements. 
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INTRODUCTION 

The  analysis  of  the  mode  in  a  rectangular  microwave 
resonator  with  tlic  distributed  nonlinear  loads  located 
on  a  surface  of  walls  can  form  the  basis  for  designing 
and  synthesis  of  generating  modules,  amplifiers,  fre¬ 
quency  multipliers,  dividers  and  other  microwave  de¬ 
vices.  The  modelling  such  devices  by  means  of  tlte  low- 
frequency  equivalent  circuits  meets  a  number  of  diffi¬ 
culties,  and  the  analysis  of  the  equivalent  circuits  of  the 
nonlinear  loaded  microwave  device  is  limited  usually 
by  linear  or  quasi-linear  approximation. 

Besides  urgency  of  research  of  the  closed  electromag¬ 
netic  systems  excited  by  pulse  sources  groivs  nowadays 
(for  example,  for  designing  a  microwave  generator). 
And  if  for  linear  systems  the  complex  amplitude 
method  application  for  study  of  Uicse  sources’  fields  is 
still  justified,  for  nonlinear  loaded  object  the  direct 
time-domain  analysis  is  required. 

NONLINEAR  BOUNDARY  PROBLEM 
FORMULATION 

Let  axbxl  rectangular  resonator  be  excited  by  pulse 
sources  with  volume  cunent  densities 
eVj) .  The  resonator  has  the  distrib¬ 
uted  surface  nonlinear  loads  as  M  narrow,  in  a  general 
case,  non-uniform  nonlinear  contacts. 

To  define  fields  excited  by  pulse  currents  in  the  time- 
domain  integrated  ratio  for  fields  is  applicable  [1]. 

Let's  choose  as  an  auxiliary  field  ,  one  of 

the  point  magnetic  (electrical)  sources 
y"’®’('”)(p,r)  =  A(/)5(/?,g')  satisfying  the  boundary 
conditions  on  walls  of  the  resonator  without  nonlinear 
loads  (where  b(t)  =  b?)(t  -t)).  Then  the  integrated 
ratio  for  fields  looks  like 

-7'">^''(r  -T)^®’('")(x))r/TcfU'  ± 

S I  -CO 


where  Sj  is  area  occupied  by  all  nonlinear  loads. 

Nonlinear  load  is  examined  which  mathematical  model 
coincides  with  one  given  in  [2],  i.e.  we  assume  that  it  is 
narrow  along  z.  The  electrical  current  flows  through 
contact  along  z  and  magnetic  one  flows  along  x  and  y 
on  wide  and  narrow  walls  of  tire  resonator,  respectively 
(Fig.  1).  Let's  divide  contact  on  Nx  elementary  sites  in 
wide  and  ones  on  narrow  walls,  which  sizes  are 
,Az^  (K  =  X  or  y) .  Thus  within  the  limits  of  a  site 

of  current  amplitudes  and  contact  V-I  parameters  are 
possible  to  be  considered  as  constant  ones.  Then  local 
nonlinear  boundary  conditions  (NBC)  on  each  site  can 
be  obtained  according  to  a  technique  [2]: 

v=0 

+  K iPm  K  (y m  ,0)'' 


where  a^.,b^  are  load  V-I  parameters  being  known  as 
functions  of  co-ordinates. 


Choosing  b  -  we  put  the  observation  point  on  nix 
splitting  site.  We  obtain  the  equation  system  as  follows 


Q 

v=0l 


+  6v^(x,^,z„,)- 


A  rit  X  Vm 


—coVj 


))dv 


iWl  2VX  /  \  /  \ 

X  1  S  ^  X  -  1 /j  >  ^rix 

00 

-00 


ny=l 
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(2) 

where  for  loads  on  the  top  wall  (y  =  b)  the  mark 
and  on  the  bottom  (y  =  0)  —  "+"  arc  used.  For  loads  on 
the  walls  x  =  0,  a  it  is  chosen  b  -iy  .  In  (2)  there  are 
the  following  designations:  i,j  =  1,  4  are  number  of 

walls;  m  is  number  of  cross  loads;  (x)  are  factors 

taking  into  account  own  and  mutual  influences  of  w-th 
load  pieces. 

We  solve  the  equation  system  choosing  unknown  cur¬ 
rent  weight  functions  as  =  5(N‘-K,)5(r-ry)  and 

assuming  that  up  to  the  moment  r  =  /q  primary  source 
was  not  included.  We  break  an  integration  interval  on  x 
into  the  sum  of  integrals  to  A/  site.  On  each  step  the 
equation  system  concerning  unknown  currents  in  the 
time  site  is  solved. 

NUMERICAL  RESULTS  AND  CONCLUSIONS 

The  mode  in  the  resonator  is  not  excited  while  spectral 
components  getting  in  a  resonator  passband  are  absent 
in  a  primary  current  spectrum.  Resonator  bottom 
boundary  frequency  is  determined  by  frequency  of  the 
fundamental  mode.  If  resonator  is  e.xited  by  video  pulse 
with  pulse  duration  Xp  the  reduction  of  the  excited 

fields  amplitude  in  the  resonator  at  first  grows,  but  in 
the  resonator  the  fundamental  mode  is  still  excited,  and 
then  with  the  Xp  further  reduction  higher-order  mode 

begins  to  be  excited.  When  mode  is  excited  by  a  radio¬ 
pulse  with  signal  frequency',  close  to  mode  frequency 
this  results  in  excitation  of  quasi-  harmonic  mode  with 
this  mode  frequency  however  a  field  structure  reflects 
imposing  some  more  several  higher  modes  with  close 
natural  frequencies.  The  rectangular  radiopulse  dura¬ 
tion  in  a  much  smaller  degree  influences  to  excited  EM 
field  structure  in  the  resonator  than  gauss’  one  with 
identical  signal  frequencies. 

We  shall  note  that  the  presence  of  loads  with  large 
linear  conductivity  and  with  weak  V-I  nonlinearity  does 
not  bring  in  essential  changes  to  field  structure  and 
mode  frequency  in  the  resonator  as  against  loads  w'ith 
large  linear  resistance.  For  example,  in  Fig.  1  the 
component  distributions  are  shown  when  EM-field  is 
excited  by  a  radio  pulse  with  signal  frequency  close  to 
frequency  of  a  011-mode:  in  Fig.  la  load  parameters 
are  oi  =  0.01,  02  =  0,  03  =  0.0375;  in  Fig.  lb  —  oi  = 
0.00001,^2  =  0,03  =  0.0375. 


Hz 

b 

Fig.  1 

Thus,  the  electrodynamics  solution  of  a  pulse  excitation 
problem  of  the  nonlinear  loaded  rectangular  resonator 
is  found.  The  obtained  ratio  allows  to  define  directly 
file  time-domain  characteristics  of  field  raised  by  a 
source  wifii  any  temporary  dependence  of  a  primary' 
current  in  the  resonator  with  nonlinear  loads.  The  so¬ 
lution  takes  into  account  inertial  properties  of  nonlinear 
loads  and  nonuniformity  of  the  distributed  loads. 
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ABSTRACT 


VARIANTS  OF  TRACTS 


Tlic  review  of  results  of  designing  with  the  help  of  the 
topological  synthesis  technique  and  results  of  tract  tests 
for  the  COUPON,  YAMAL,  LMI  and  other  satellites  is 
given  in  this  paper. 

INTRODUCTION 

The  necessary  rate  of  researches  and  development  of 
antennas-feeder  devices  for  perspective  satellite  com¬ 
munication  systems  is  impossible  without  creation  of 
new  information  technologies  of  designing  of  devices 
practically  of  any  topology  at  an  electrodynamic  level. 
The  similar  technologies,  apparently,  will  not  be  re¬ 
duced  only  to  improvement  of  the  widespread  tech¬ 
niques  of  analytical  (AS)  and  parametrical  (PS)  synthe¬ 
sis  using  for  the  computer  analysis  and  optimization 
certain  electrodynamic  programs,  obtained  for  specific 
device  topology,  on  the  basis  of  numerical  solution 
methods  of  continuous  Maxwell's  equations  for  con¬ 
tinuous  vacuum.  The  alternative  approach  is  the  tech¬ 
nique  of  a  topological  syndicsis  (TS)  [1]  with  use  of  the 
universal  electrodynamic  programs  (UEDP)  based  not 
on  Uie  solution  of  Maxwell's  equations  for  a  specific 
boundary-value  problem,  but  on  the  impedance  [2]  or 
stream  [3]  operators  of  discrete  (grid)  vacuum. 

THE  REQUIREMENTS  FOR  THE  TRACTS 

The  new  requirements  to  antenna  tracts  are; 

expansion  of  operating  frequency  band  for  receiving 
and  transmitting  /,  up  to  /,max//rmin  =  1-78- 
1.75  (Intelsat,  YAMAL,  LMI)  and  development  of  non¬ 
standard  frequency  bands  of  receiving  and  transmitting; 

providing  high  values  of  an  ellipticity  factor 
(Ar<,=0.92-f0.97)  and  polarization  isolation  (30^35  dB) 
for  elimination  of  undesirable  coupling  in  systems  with 
receiving  and  transmitting  channels  multiplexing; 

short  terms  of  development  of  tract  modifications  (3-4 
months  for  designing  and  creating  the  drawings  of 
experimental  samples),  that  practically  excludes  an 
opportunity  of  prototyping; 

short  terms  and  low  cost  of  sample  manufacturing  of  an 
experimental  tract  batch,  that  is  achieved  by  use  of 
automated  machine  tools,  by  excluding  dielectrics, 
printed-circuit-boards,  soldering,  by  excluding  adjust¬ 
ing  elements  in  tracts. 


Three  basic  variants  of  construction  of  four-port  tracts 
with  circularly  polarized  signals  are  known  (Fig.  1).  In 
the  circuit  Fig.  la  at  first  L  (left)  and  R  (right)  circu¬ 
larly  polarized  signals  are  received  feed,  then  the  L 
and  R  signals  will  be  transformed  in  linear  ones  in  the 

-O-  polarizer,  then  the  polarizing  divider  divides 

linear  polarizations,  then  the  ^  duplexer  divides 
(receiving)  and  <-  (transmitting)  frequencies.  The 
and  -O  filters  cany  out  an  additional  channel  isolation 
of  the  receiver  and  transmitter. 


In  the  circuit  Fig.  lb  unlike  the  considered  above  cir¬ 
cuit  Fig.  lb,  frequency  division  in  the  ^  duplexer  is 
carried  out,  and  then  polarization  division  in  the  -Gl¬ 
and  is  made.  In  the  circuit  Fig.  Ic  a  polarizing 
filtration  for  receiving  frequencies  in  an  -Q-  element  is 


made,  then  there  is  a  division  frequency  channel  in  ^ 
to  the  subsequent  correction  operation  of  a  polarizing 
filtration  on  the  transmitter  frequencies  in  -Q-  and 
operations  of  polarization  division  on  receiving  and 

transmitting  frequencies  in  polarizing  dividers 


TOPOLOGICAL  SYNTHESIS  RESULTS 

With  a  topological  synthesis  of  various  Ku  and  C-band 
tracts  the  general  approach  ensuring  perfonnance  of  the 
requirement  of  the  maximal  simplicity  of  a  design  with 
an  manufacturing  opportunity  of  all  units  on  automatic 
machine  tools  (milling  and  electrosparking)  and  ab¬ 
sence  of  adjusting  elements  was  used.  The  operational 
development  of  the  sizes  including  geometrical  error  is 
made  during  a  topological  synthesis.  The  basic  sizes, 
structure  and  design  of  basic  elements  are  resulted  for 
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each  tract.  For  major  devices  (filters,  polarizers)  invari¬ 
ant  relationships  allowing  to  find  the  most  achievable 
parameter  values  have  been  obtained. 

KU-BAND  TRACTS 

COUPON(P),  COUPON  (C)  tracts  (v  ,h  ,h  ). 

The  COUPON  (P)  tract  configuration  is  shown  in  Fig. 
2,  where  is  a  receiver  filter  ( frequency  receiv¬ 
ing),  02  i®  ^  transmitter  filter  ( /,  frequency  transmit¬ 
ting),  02  is  duplexer  (separating  frequencies  and 
//)• 


fr 


The  COUPON  (C)  is  configured  on  the  basis  of  a  po¬ 
larizing  divider  (Fig.  3),  to  which  complect  outputs  2 
(Fig.  2)  are  connected.  The  basic  parameters  of  ele¬ 
ments  are  given  in  Tab.  1  and  [5].  If  the  work  of  a  tract 
with  circularly  polarized  signals  is  provided,  the  polar¬ 
izer  Fig.  4  (a,b  is  a  geometry  of  diaphragms,  c  is 
VSWR  d  is  a  phase  shift)  is  connected  between  an 
emitter  and  divider. 


Table  1 

(  /,  =  1 0.9 - 1 1 .7GHz  ,  /;  =  1 4.0  - 1 4.5G^z  ) 


N 

Tract  elem 

Main 

chan 

loss, 

dB 

Attenuation, 

dB 

VSWR 

Dimen¬ 

sions 

Wfx  m 

Inp. 

sec¬ 

tions 

mni^ 

1 

-O 

»0.1 

>100 

1.1 

60.5x40x40 

19x95 

2 

«0.1 

>70 

1.1 

81x40x40 

19x9.5 

3 

«0.1 

>20 

1.1 

63x62x40 

19x9.5 

4 

«0.05 

>35 

1.1 

60x50x40 

19x19  ’ 

5 

«0.1 

>35 

1.0 

35  x  35  x  93 

19x19 

LMI  tract  (k,K  ). 


The  configuration  of  two-port  v ,  v  tract  elements  is 
shown  in  Fig.  5,  where  d5i(-0)  is  a  receiver  filter, 

^2  (■•")  i®  a  transmitter  filter,  0^  is  a  duplexer,  1 
is  an  orientation  device  of  a  vertical  polarization  vector, 
2  is  an  adapter  from  a  rectangular  waveguide  into  cir¬ 
cular  one,  3(/^)  is  an  antenna  feed.  Design  and  the 
parameters  of  units  are  submitted  in  Fig.  6,  7,  8. 


WSVR 


WSVR 
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C-BAND  TRACTS 

YAMAL  (TV)  tract  (t,R). 

Tlie  tract  is  depicted  in  Fig.  12.  The  design  of  a  polar¬ 
izing  divider  and  adapters  is  made  as  in  Fig.  9a, b.  De¬ 
sign  and  the  parameters  of  transformers  77?]  (matching 
of  circular  and  square  waveguides)  and  77?2  (matching 
of  a  joint  of  two  semiaxis  square  waveguides  turned  on 
45°  around  an  axis)  are  shown  in  Fig.  10  a,b.  In  small¬ 
sized  transfonners  the  matching  elements  of  a  new  type 
named  as  "concentrators"  are  used.  For  a  polarizer 
based  on  a  square  waveguide  ax  a  and  tliin  dia¬ 
phragms  axm  (Fig.  4a,  11)  the  phase  shift  Aep  and 
maximal  broadbandness  with  work  only  in  a  receiving 
band  are  determined  from  invariant  ratio  [10]; 

"  (f  ■  ■  ("T + 0  ■  ^ ’ 

Ao  =  a-V2  =  l  +  (^) 


where  Ao,min,max  are  waveguide  wavelengths,  The 
index  0  corresponds  to  a  minimum  on  a  curve  of  Fig. 
lib,  min  and  max  corresponds  to  a  to  values  of  the 
minimal  and  maximal  frequencies  and  /^ax .  fo*" 
which  Acpn,in,max  increase  in  1  +  2 -A  times  in  com¬ 
parison  with  Aepo ,  m  is  a  width  of  diaphragms,  n  is 
number  of  diaphragms,  A~^  =  -  (2 -a)  ^ ,  m«a  . 

For  A«1  from  (1)  we  determine  ^«1  +  2Va.  As¬ 
suming  A  ==0.02  ( A(p  =  90°  ±  2° )  we  find  ^«1.28  and 
(>=mm-^n,ax)/^0  =  (^-i/^)/3-0.67,  i.e.  the  least  polarizer 
broadbandness  is  about  30%. 


Fig.  8 


Fig.  9 
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dB  is  ±(50-^55°),  level  of  sidelobes  is  less  than  30  dB. 
The  complex  researches  of  tract  parameters  were  car¬ 
ried  out  on  the  “Scientific  Athlanta”  automated  stands. 
The  YAMAL  (TV)  tract  receives  only  signals  of  one 

polarization  (  l  or  ;?  ).  The  second  matched  output  of 
a  divider  allows  to  remove  influence  of  the  second 
polarization  signals  on  the  operating  channel  with  an 
isolation  more  than  30  dB.  The  change  of  operating 
polarization  direction  is  made  by  mechanical  turn  of 
units  and  -O-  on  90°  or  by  connection  of  the  re¬ 
ceiver  to  the  second  divider  output.  The  set-up  and 
completion  after  designing  and  manufacturing  of  a  tract 
batch  was  not  made. 


Fig.  13 


Fig,  11 


Fig.  12 


The  restriction  of  an  operating  frequency  band  of  a 
polarizer  Fig.  11a  is  the  principle,  since  it  is  found 
from  (1)  that  the  width  of  a  square  waveguide  is  limited 

and  is  deteraiined  from  a  condition  a  =  1 4l  .  For  a 

considered  tract  /,  =  3.45-r4.i5G//z  fQ  =  3.iGHz 
(Xo  =  79mm,  Ao  =  i36wm)  from  (1)  we  determine 
a  =  63.Smm  and  a  deviation  Acp  from  90°  about  ±2° 
within  the  limits  of  a  operating  frequency  band.  The 
following  parameters  of  experimental  tract  samples 
Fig.  12  are  found:  an  ellipticity  factor  =0.904-0.93 
for  angles  of  radiation  pattern  distinguished  from  a 
normal  on  ±10°,  VS\VR<1.3.  The  VSWR  of  the  feed 
together  with  the  transformer  TR  is  less  than  1.2  that 

— y  — > 

determines  an  isolation  between  inputs  l,R  at  a  level 
20-^30  dB,  The  radiation  pattern  width  at  a  level  of  10 


Fig.  14 


YAMAL  (P)  tract  ). 

The  tract  has  two  letter  performances  :  a  letter  A:  re¬ 
ceiving  of  3.45-3.80G//2 ,  transmitting  of 
5,775-6. 125G//r;  a  letter  B:  receiving  of  3.80-4.l5G7fe , 
transmitting  of  6.125 -6.475G//z .  The  tract  is  two-port 

with  operating  frequency  overlapping  =  1.78 . 

/rmin 

The  basic  tract  parameters  (letter  A)  as:  an  ellipticity 
factor  Kg  >  0.92  in  sector  of  radiation  pattern  1  dB. 
The  change  of  a  circular  polarization  direction  is  car¬ 
ried  out  manually  in  severe  conditions  by  turn  on  90°  of 
an  emitter  and  polarizer  of  a  tract. 
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Fig  15 


Fig.  16 


WSVR<1.2;  Fr- 3.4 -4.2  GHz 


The  tract  design  is  depicted  in  a  Fig.  13,  where  the 
designations  are  used;  is  an  emitter,  TRj  is  a  tran¬ 
sition  from  round  to  a  square  waveguide  (Fig.  10a), 
77?2  is  an  element  for  matching  of  a  joint  of  two  square 
waveguides  turned  on  45°  (Fig.  10b),  0  is  a  turnstile 
(Fig.  14),  If)  is  a  piece  of  a  waveguide  containing 
inductive  diaphragms  (Fig.  15a),  W2  is  piece  of  a 
waveguide  containing  capacity  diaphragms  me  (Fig. 

15b),  is  polarizing  divider  (Fig.  16),  77^3  is  adapter 


from  square  waveguide  to  a  rectangular  one.  The  rejec- 
tive  filter  (Fig,  17)  is  connected  to  output  flange  of  the 

receiver  channel  R  . 

The  circuits  of  three  types  were  considered  during  a 
choice  of  the  polarizer:!)  using  polarizer  based  on  a 
square  waveguide  as  a  the  YAMAL  (TV)  tract  polar¬ 
izer,  2)  using  two  turnstiles  and  two  pairs  of 
waveguides  with  various  length  U\=h  +^min/4)  and 
circuit  of  resonators  in  waveguides,  3)  on  the  base  of 
constructions  of  Fig.  13  with  waveguides  and  W2 

with  inductive  and  capacity  diaphragms.  For  the  po¬ 
larizer  of  type  1  the  square  waveguide  width  a  is  une¬ 
quivocally  determined  by  sizes  and  t^at 

determines  essential  decrease  of  value  Aep  up  to  84°  in 
the  area  of  curve  1  minimum  in  Fig.  34.  The  essentially 
smaller  deviation  from  Aep  =  90°  (curve  2  in  Fig.  18) 

has  polarizers  of  type  2  and  3  with  two  ff)  and  W2 
waveguide  pairs.  The  polarizer  of  the  second  type  was 
investigated  in  details  at  an  electrodynamic  level.  The 
Aep  =  90°  ±2°  performance  in  receiving 
3 A5 -3.90GHz  and  transmitting  5.725 -6.475G/7z 
bands  is  confinned.  Aep  =  90°  -  3°  is  on 
3.90 -4.115GHz  frequencies.  Essential  disavantage  of 
the  polarizer  of  t>pe  2  is  the  constructive  complexity 
and  length  difference  of  waveguides  and  W2 .  The 
polarizer  of  the  tliird  type  is  equivalent  to  the  second 
one  on  electrical  parameters  and  much  easier  on  de¬ 
sign.  The  polarizer  of  the  first  type  has  the  most  simple 
design  and  just  it  will  be  used  in  the  first  complete  sets 
of  a  YAMAL  (P)  tract.  The  topological  synthesis  of  the 
polarizer  of  the  third  type  constructed  on  the  square 
waveguide  base  is  also  carried  out.  In  this  design  the 
independent  non-interacting  inductive  and  capacity 
diaphragms  are  used 

RESUME 

The  teclmique  of  the  topological  synthesis  with  appli¬ 
cation  of  tlie  universal  electrodynamic  programs  based 
on  the  stream  grid  method  allows  to  design  all  neces¬ 
sary  set  of  waveguide  elements  which  are  included  in 
structure  of  broadband  two-  and  four-port  polarizing 
tracts  of  antennas  for  perspective  satellite  communica¬ 
tion  sj'stems.  The  designing  is  carried  out  without 
prototyping.  All  devices  are  made  on  automated  ma¬ 
chine  tools  and  do  not  require  adjusting  operations. 
Heuristic  procedures  and  the  technique  of  topological 
invariants  used  with  designing  of  devices  with  polariz¬ 
ing  and  frequency  selections  allows  to  provide  the  op¬ 
timum  values  of  parameters  for  the  chosen  circuit  solu¬ 
tions.  The  new  designing  technology  is  illustrated  on 
experience  of  development  of  Ku  and  C  band  tracts. 
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In  order  for  operating  a  complex  of  phased  arrays  to  be 
provided,  individual  arrays,  comprising  the  complex, 
should  be  mutually  synchronized.  Naturally,  the  delta- 
function  pulse  is  an  ideal  sync-signal,  but  in  practice,  it 
can  be  realized  rather  approximately.  That  is  why  some 
general  requirements  to  the  sync-signals  have  to  be 
satisfied  in  the  synchronously  operating  complex  of 
phased  arrays  with  an  arbitrary  arrangement.  These 
signals  should  be  precisely  determined  in  the  time  scale 
as  compared  with  a  temporal  interval,  corresponding  to 
the  cut-off  frequency  in  data  flow,  or  to  the  time  jitter 
conditioned  by  any  internal  instability  as  well  as  exter¬ 
nal  perturbation.  Consequently,  the  requirements  to 
both  the  duration  and  the  repetition  period  of  sync- 
signals  increase  with  growing  tlie  informative  capacity 
and  processing  accuracy.  A  selection  of  these  problems 
may  be  resolved  by  looking  at  the  technique  based  on 
the  application  of  ultrashort  optical  pulses,  which  are 
able  to  play  the  part  of  delta-fimction-like  pulses  under 
certain  conditions.  The  objective  in  designing  a  report 
under  proposal  is  to  work  out  a  radically  new  precise 
sync-network  for  synchronizing  a  medium-base  com¬ 
plex  of  phased  arrays.  Therefore,  we  consider  some 
aspects  of  implementing  an  optical  fiber  sjme-network 
using  ultrashort  optical  pulses  as  die  sync-signal  carri¬ 
ers.  We  take  the  simplest  case  w’hen  identical  optical 
sync-signals  are  onc-directionally  distributed  from  the 
central  processing  unit  all  over  the  complex  (see  Fig. 
1).  These  signals  are  concurrently  directed  to  all  phased 
arrays  by  different  fiber  channels,  being  just  those  fiber 
channels  which  are  used  for  transmission  of  data  sig¬ 
nals.  Later,  after  a  passage  over  the  arrays,  these  sync- 
signals  come  back  at  the  central  processor.  The  princi¬ 
pal  measurable  value  is  the  clock  skew  between  the 
energetic  centers  of  ultrashort  optical  sync-pulses 
passed  in  parallel  through  different  fiber  channels. 
However,  this  brings  up  the  problem  of  estimating 
picosecond  temporal  intervals,  suggesting  that  one 
needs  ultrafast  photon-to-electron  conversion  to  be 
accomplished.  Nevertheless,  this  difficulty  can  be  suc¬ 
cessfully  overcome  if  the  repetition  period  inherent  in 
the  symc-pulses  is  sufficiently  short.  To  keep  a  picosec¬ 
ond  accuracy  in  electronic  post-processing  we  rely  on 
measuring  the  train-average  clock  skew. 

Evidently,  the  preference  should  be  given  to  the  sync- 
signal  carriers  in  the  fonn  of  picosecond  solitons  being 
capable  of  passing  through  single-mode  low-loss  fibers 


at  a  short  repetition  period.  As  this  takes  place,  the 
accuracy  of  synchronization  is  ultimately  restricted  by 
an  error  in  determining  the  energetic  center  of  a  sync- 
pulse.  In  its  own  turn,  such  an  error  is  no  more  than  the 
sync-pulse  width,  so  the  application  of  soliton  regime  to 
transmitting  the  sync-signals  through  single-mode 
fibers  is  an  essential  prerequisite  to  create  a  complex  of 
phased  arrays  with  a  picosecond  accuracy  of  synchroni¬ 
zation. 

The  phenomenon  of  the  self-phase  modulation  is  capa¬ 
ble  of  compensating  a  dispersive  broadening  of  ul¬ 
trashort  pulse  in  the  anomalous  dispersion  region  of 
single-mode  fiber  and  thereby  of  shaping  a  stable  car¬ 
rier  in  the  form  of  picosecond  optical  soliton.  Unfortu¬ 
nately,  evolution  of  optical  soliton  in  a  fiber  is  also 
conditioned  by  optical  losses  whose  action  may  be  de¬ 
fined  by  the  parameter  f  =  ^  (where  c  is 

the  light  velocity;  y  and  D  are  the  coefficients  of 
optical  losses  and  dispersion,  respectively;  1.  is  the 
wavelength,  lying  in  the  anomalous  dispersion  region; 
tq  is  the  initial  pulse  width),  which  represents  the 
ratio  of  the  dispersion  distance  to  the  loss  distance 
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Fig.  1.  The  scheme  of  an  optical  fiber  sync-network 

If  the  parameter  F  =  0 ,  the  initial  balance  between 
dispersion  and  nonlinearity  gives  rise  to  the  funda¬ 
mental  soliton  when  the  initial  energy  of  such  a  pulse  is 

Ef  =  A.^D  (ttccto)"’  ,  where  a  =  2.7  radAV/km  in 

standard  single-mode  silica  fiber.  When  T  « 1 ,  a 
fundamental  soliton  cannot  exist  in  an  ideal  sense, 
because  optical  losses  induce  adiabatical  perturbation 
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due  to  broadening  on  the  soliton  pulse  as 
x{z)  =  zq  exp(2Yz) .  In  the  case  of  F  <  1  or  F  >  1 ,  to 
realize  the  soliton-like  regime  of  pulse  propagation  in  a 
lossy  fiber  the  initial  amplitude  of  a  pulse  should  ex¬ 
ceed  the  amplitude  of  fundamental  soliton  in  the  same 
but  lossless  fiber.  The  initial  energy  of  soliton-like 

pulse  is  determined  as  Ej  =  agEf ,  where  ao  is  the 
above  mentioned  excess  of  the  pulse  amplitude  over  the 
one  of  an  ideal  fundamental  soliton  with  the  same  ini¬ 
tial  width  tq  ,  When  propagating  the  soliton-like  pulse 
exhibits  self-compression  up  to  the  distance  and 
return  of  its  own  width  to  the  initial  value  followed  by 
broadening  a  pulse. 


Fig.  2,  Spatial  dependencies  of  the  amplitude, 
normalized  to  the  amplitude  of  fundamental  soliton  in 
lossless  fiber,  for  soliton-like  pulses  with  ao  =  1.4  .  The 
length  of  a  fiber  is  normalized  to  the  dispersion  distance 
Z(j ,  The  curves  from  1  to  5  correspond  to  F  =  0,015, 
0.1,  0.3,  0.8,  and  1.3,  respectively 


Fig.  3.  Spatial  dependencies  of  the  width,  normalized  to 
its  initial  value,  for  soliton-like  pulses.  The  magnitudes 
of  all  the  parameters  are  the  same  as  in  Fig.  2 


From  the  viewpoint  of  the  maximum  accuracy  of  syn¬ 
chronization,  associated  with  the  minimum  magnitude 
of  the  width  Xj  of  sync-pulse  arriving  at  the  central 
processor,  the  designer  of  a  complex  gains  two  scopes 
for  doing.  The  first  scope  is  in  using  adiabatically  per¬ 
turbed  fundamental  soliton  whose  initial  width  is  de¬ 
termined  as  Xq  =  X5.exp(-4YLo) ,  where  Lo  is  tlie  arm 


length.  The  second  one  is  in  e,xploiting  the  soliton-like 
pulse  with  Xq  =  Xj  as  sync-signal  carrier.  The  relation 
of  initial  energies  Ef  and  E]  is  the  governing  factor  in 
deciding  between  adiabatically  perturbed  fundamental 
soliton  and  soliton-like  pulse  whose  width  are  die  same 
at  the  distance  associated  with  twiced  arm  length  2Lo . 
The  soliton-like  pulse  is  initially  less  energetic  than 
fundamental  soliton,  i.e.  Ej  <  Ef ,  when  the  following 

condition  is  true:  2Lo  >  =  y”' inao  •  typical 

magnitudes  a^-lA  and  y  =  0.5  dB/km  one  can  obtain 
La  =  9.2  km.  Consequently,  the  soliton-like  pulse  is 
energetically  best  suited  carrier  for  a  medium-base 
complex. 


Fig.  4.  Evolution  of  the  soliton-like  pulse  as  it  passes 
the  fiber  arm  ( ao  =1.4,  F  =  0.1);  here  means  the 
distance  in  the  fiber  at  which  the  pulse  attaines 
its  minimum  width 

Technically  well-grounded  parameters  of  both  the  sync- 
signal  carrier  and  the  single-mode  fiber  arm  can  be 
chosen  using  spatial  dependencies  of  the  amplitude  and 
width  for  soliton-like  pulses,  presented  in  Figs.2  and  3. 
It  is  seen  that  the  primary  self-compression  stage  is 
accompanied  by  the  increase  in  the  amplitude  only 
when  F  is  small.  In  the  other  cases  the  monotonous 
lowering  of  the  amplitude  is  observed.  Fig.  4  shows  that 
the  energetic  center  of  soliton-like  sj'nc-pulse  has  no 
temporal  shift  while  a  pulse  is  passing  through  a  fiber 
arm.  The  above-considered  return  of  pulse  width  to  the 
initial  value  is  also  clearly  seen. 

Thus,  key  aspects  of  implementing  a  novel  optical  syn¬ 
chronization  technique  based  on  picosecond  soliton-like 
pulses  in  single-mode  fiber,  being  suitable  for  a  me¬ 
dium-base  complex  of  phased  arrays,  are  considered  in 
the  report.  Moreover,  some  properties  of  soliton-like 
sync-signal  carriers  under  proposal  are  also  discussed. 
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INTRODUCTION 

Because  of  the  difficulty  and  variety  of  designs  of  ra- 
dioelcctronics  equipment  (REE),  analytical  description 
of  processes  of  interaction  of  electromagnetic  wave 
(EMW)  with  REE  can  be  carried  out  only  in  the  most 
genera!  case  [1-3],  Tliis  is  caused  by  that  the  process  of 
interaction  radioelectronic  elements  unit  (REU)  with 
the  electromagnetic  field  is  defined  not  only  by  pa¬ 
rameters  of  radiating  -  a  power,  electrical  and  magnetic 
fields  intensity,  wavelength,  a  pulse  duration  (in  the 
case  of  pulsed  radiating),  but  as  well  as  by  features  of 
object,  to  which  EMW  falls  -  geometric  sizes,  mutual 
orientation  of  object's  elements  with  respect  to  vectors 
of  electrical  and  magnetic  fields,  permittivity  and  mag¬ 
netic  permeability  of  object  material. 

Process  of  interaction  of  field  with  the  object  consid¬ 
eration  is  based  on  antenna  model,  according  to  which 
geometric  object  elements  are  presented  by  elementary 
antennas  loaded  on  its  internal  structure  elements. 
Thus,  for  instance,  the  semiconductor  integrated  circuit 
(1C)  with  the  package  leads  length  /  is  considered  as  an 
object,  then  the  process  of  EMW  incidence  with  arbi¬ 
trarily  oriented  components  of  vectors  E  and  H  can  be 
shown  as  in  Fig.  1. 


Fig.  1.  IC  antenna  model 
(package  leads  length  is  equal  /) 

Herewith,  it  is  obvious  that  the  energy,  which  escapes 
on  internal  structure  elements  of  IC,  is  defined  not  only 
by  tlie  geometry  of  package  leads,  but  also  essentially 


depends  on  circuit  engineering  realization,  because  the 
load  resistance  of  the  elementary  antenna  can  be  of  an 
arbitrary  character  (in  general  -  complex  resistance). 
Resistance  schemes  of  planar  IC  periferic  elements  in 
Fig.  2  show  possible  form  of  the  reaction  on  incident 
EMW.  Experimental  investigations  of  RE  antennas 
characteristics  allow  to  define  its  major  electrodynamic 
parameters  and  choose  the  most  optimum  elements  for 
designing  REE  operating  under  conditions  of  intensive 
electromagnetic  irradiation. 


Fig.  2.  Antennas  loading  model 


DESCRIPTION  OF  EXPERIMENTAL  UNIT 

The  investigations  of  electrodynamics  characteristics  of 
REE  were  carried  out  by  means  of  the  panoramic  rec¬ 
tangular  waveguide  standing-wave  meter.  As  testing 
objects  some  different  types  of  semiconductor  IC  and 
transistors  were  chosen,  made  in  packages  of  several 
modifications  (planar,  metal-ceramic,  plastic,  metal- 
glass  and  others.).  The  REU  under  test  was  located  into 
waveguide  on  dielectric  base,  ensuring  galvanic  uncou¬ 
pling  of  metallic  package  and  internal  surface  of  the 
waveguide  (Fig.  3a).  The  waveguide  was  matching 
loaded  and  calibrated  beforehand.  In  such  a  position 
measurements  of  VSWR  and  reflectivity  of  the 
waveguide  line  with  situated  inside  objects  in  the  cali¬ 
brated  band  3. 5-4. 5  GHz  with  frequency  response  flat¬ 
ness  of  0.25  dB  were  fulfilled. 
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For  tlie  influence  study  of  mutual  orientation  of  field 
vectors  components  and  package  leads  the  REU  was 
rotated  in  respect  of  coordinate  axes  chosen  in 
waveguide.  Under  changed  position  of  REU  new  meas¬ 
urements  of  VSWR  and  reflectivity  were  carried  out. 
Fig.  3b  shows  the  scheme  of  location  REU  inside 
waveguide  and  distinctive  positions,  under  which 
measurements  were  implemented. 
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Fig.  3.  1C  location  inside  waveguide 


RESULTS  OF  EXPERIMENTS 


acteristics.  The  most  important  are  resonant  frequency 
dependencies  of  VSWR  and  reflection  factor  for  differ¬ 
ent  types  of  REU.  Orientation  of  REU  inside 
waweguide  is  of  significant  influence  as  well. 


Fig.  4.  VSWR  frequency  dependencies 

Change  of  position  of  IC  in  DIP-type  package,  leads  to 
both  changes  the  absolute  minimum  of  resonant  curves 
and  change  of  resonance  frequency.  Similar  picture  is 
observed  for  IC  in  round  packages  (TO-5  type),  in  spite 
of  their  symmetrical  location  under  turn  inside 
waveguide.  Moreover,  for  some  elements  in  round 
packages  wifli  symmetrical  outputs  the  change  of  ori¬ 
entation  leads  to  drastic  changes  of  the  frequency  de¬ 
pendencies  (resonant  or  uniform).  Such  an  effect  from 
the  point  of  view  of  antenna  model  can  be  explained  by 
more  significant  influence  of  frequency-selective  char¬ 
acteristics  of  elementary  antenna  load.  Resonance  fre¬ 
quencies  correspond  to  the  load  matching  with  ele¬ 
mentary  antenna  regime,  under  which  the  efficient 
"extracting"  of  falling  wave  energy  is  observed  [3]. 


REU  types  and  main  results  of  experiments  are  listed  in 
Table.  Fig.  4  shows  frequency  dependencies  of  VSWR 
(1,  2  -  IC  KIHT591  in  positions  4  and  3  respectively,  3 
-  IC  K1KT241  in  the  position  2,  4  -  a  transistor  MU 
26B).  As  seen,  transistors  and  IC  in  different  packages 
have  substantial  differences  in  electrodynamics  char¬ 


CONCLUSION 

Results  of  experiments  show  that  interaction  of  elec¬ 
tromagnetic  field  with  radioelectronic  elements  and 
components,  in  general,  are  inserted  in  frames  of  an¬ 
tenna  models.  When  scheduling,  an  elementary  anten- 


Table 

Results  of  experiment 


Radioelectronic 

elements 

Type  of  IC  and 
transistors 

Package  type 

Frequency  dependence 
of  VSWR  features 

Resonant 
frequency,  GHz 

VSWR 
range,  dB 

Integrated 

circuit 

TTL 

Plastic,  DIP 

Resonant 

3,83  3,58  3,87 

0,8 

TTL 

n— ml 

Uniform 

— 

Analog 

Metall-glass, 

TO-5 

Oscillating,  resonant 

4,16  4,4 

0,4 

Transistors 

Low-power,  HF 

Metallic 

Oscillating 

- 
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nas  loads  equivalent  scheme  it  can  be  seen  it  is  neces- 
saiy  to  take  into  consideration  both  active  resistors 
placed  on  the  surface  of  IC  chip  which  take  into  ac¬ 
count  dissipative  characteristics  of  load,  and  reactive 
component,  defining  its  selective  properties.  Reaction 
of  IC  in  DIP  packages  on  the  direction  of  falling  elec¬ 
tromagnetic  wave  is  also  observed.  Detennination  of 
electrodynamic  characteristics  of  REE  and  resonant 
frequency  measurement  for  different  elements  contain 
the  auxiliary  initial  data  for  designing  REE,  that  satisfy’ 
the  electromagnetic  compatibility,  as  well  as  allow  to 
analyze  reasons  of  REE  failure,  caused  by  electrical 
overstress. 
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RECTANGULAR  WAVEGUIDE  FILLED  WITH  BIANISOTROPIC  MEDIUM 
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STATEMENT  OF  PROBLEM 

In  resent  years  there  have  been  a  growing  interest  in 
new  synthetic  materials  for  special  applications  in  ap¬ 
plied  electromagnetics  [1-3]. 

In  this  work  the  rectangular  waveguide  filled  with 
imiaxial  bianisotropic  medium  {xe[0;o],  >^e[0;i], 
ze(-oo;-i-oo))  is  considered.  Material  relations  de¬ 
scribing  this  medium  are  [1]: 

=  E+yio^B, 

where 


CO 

0 

0 

0 

0 

^xx 

0 

^xx 

0 

0 

0 

Ezz 

0 

0 

^zz 

The  expressions  for  the  tensors  elements  are  given  in 

[1]. 

It  is  assumed  tliat  hanuonic  wave  with  frequency  m 
propagates  within  the  considered  waveguide. 

Solutions  to  Maxwell's  equations  sj  stem 

|Vx#  =  -ycoD; 

I  V  X  E  =  yco  5 ; 

may  be  written  in  form 

E(x,y,z)^E(x,  ; 

Hix,y,z)  =  Hix,y)e-J^\  (4) 

as  the  waveguide  is  regular.  The  wave  equations  system 
for  longitudinal  components  of  the  field  is  [1]: 


METHOD  OF  INV  ESTIGATION 

The  solution  of  the  wave  equations  system  (5)  satisfy¬ 
ing  boundary  conditions  on  the  perfectly  conducting 
walls  of  the  waveguide  can  be  written  in  the  fonn 

E^  =  {Ai  cos  ky-^x  +  sin  k^^xx  + 

->rA2COsk^2^  +  B2smky.2x)smkyy,  (6) 

//,=(Zi4  cos  k^x^  +  Z^Bx  sin/:;(.ix  + 

+  Z2A2  cos  k^2^  +  Z2B2  sin  ^;f2^)cos  kyy , 


where  the  constants  Ax ,  A2,  Bx,  B2  depend  on  the 
wavenumber,  frequency,  value  a,  and  are  defined  by 
following  relations 

^2^x2 

£  _  ^1^x1  ~  ^2^x2  ^x2^ 

^  ZjATxi  (cos  -  cos  kj^2^) 

where  the  wave  resistences  are 

lEH 

(8) 

ym 


From  (6)  we  have  tlie  following  expression  for  the 
transversal  y-component  of  the  wavenumber 


Taking  into  account  (5)  and  (6)  we  obtain  that  the 
transversal  x-components  of  the  wavenumber  are  de¬ 
fined  by  the  following  relation 


I'^^Ez+y^E^+yjrfjB^  -0-, 

Although  material  relations  (1)  are  not  general  expres¬ 
sions  but  it  is  shown  clearly  that  system(5)  describes 
any  bianisotropic  guiding  structure.  Therefore,  the 
proposed  mathematical  method  is  general.  Additionally 
dependence  of  parameters  on  frequency  is  presented  for 
this  case  in  [1]. 


^'xU  +^^1,2  . 


(10) 


where 


2  2 

7.2  __yEE-yHH  A. 
^1,2  - — 2  - 


(y£E-ymf 


(11) 


From  (10)  and  (11)  it  is  seen  that  the  x-components  of 
the  wavenumber  are  the  functions  of  tlie  longitudinal 
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2  2  2  2 

component  as  the  ,  y^jj  ,  y he  ^  ‘imi 
functions  of  the  [1]  if  frequency  is  constant. 

At  given  values  a  and  b  the  longitudinal  component 
can  be  defined  as  the  solution  of  tlie  trancendental 
equation 

2Z,Z2^^? -kf^l -kfjx 

X  cos^o-Ja:!^  -k^  j  cos^a-^kl  ~ky'^  + 

+  [zi^f-^^)-Z2^|-A'=)]x  (12) 

X sin^fl.y^^^'-^j  sii^a.Jk2  -A:^  j  =  2 . 

Thus,  the  magnitudes  A:^i^2>  bound  and 

they  arc  functions  of  frequency  and  dimensions  of  the 
rectangular  waveguide  filled  with  uniaxial  bianiso- 
tropic  medium.  TEM-,  TE-  and  ZA/-wa\'cs  can  not  exist 
within  this  waveguide.  Only  hybrid  waves  propagate. 
Since  (5)  we  can  consider  resulting  wave  as  superposi¬ 
tion  of  two  waves  with  x-component  of  wavenumber 
^x\  >  ^x2  •  These  waves  are  analogous  to  anomalous 
waves  within  waveguide  filled  with  ferrite. 

Analogously,  w'c  can  show  that  the  following  solution 
of  the  system  (5)  satisfy  boundary  conditions  on  the 
perfectly  conducting  walls 

=  {Ai  cos  ky^y  +  5]  sin  ky^y  + 

-hA2  cos  ky2y  +  B2  sin  A'_^,2.'^)siii  A'^x ;  (13) 

/Ag  =  (Zj^i  cos  A:_^i>^  +  ZiBi  sin  kyiy  + 

-i-Z2v42  cos  ky2y  +  Z2B2  sin  A'_j,2y)cos  k^x . 


Solution  of  the  equation  (12)  can  be  obtained  only  by 
numerical  methods.  However,  accurate  analytical  solu¬ 
tion  exists  in  some  particular  cases. 

Let  us  investigate  the  solution  (6)  when  Zik^i  =  Z2kx2  ■ 
Analysis  of  this  case  gives  an  idea  about  general  regu¬ 
larity  of  wave  behavior  within  the  considered 
waveguide.  The  transversal  x-component  for  this  case 
arc 


K\ 


Inn  Z2 
a  Zj— Z2 


,  Inn 

^2  = - 

a 


^1 

Z,-Z2’ 


(14) 


and  longitudinal  component  is  to  be  defined  from  4-th 
order  algebraic  equation 

k^  +  pkl  +  jqk^  +r  =  Q  .  (15) 


The  coefficients  p,  q,  r  are  not  written  down  here  be¬ 
cause  of  their  bulk. 

The  equation  (15)  may  be  solved  analytically,  therefore 
analysis  of  wavenumbers  may  be  carried  out  analyti¬ 


cally.  Existence  of  four  longitudinal  wavenumbers  is 
the  result  of  analysis  of  (15). 

If  ^^=0  in  (2)  than  q  =  Q  and  (15)  is  biquadratic 

equation.  One  or  two  waves  may  be  propagating  within 
waveguide.  In  this  case  phase  velocities  of  direct  waves 
are  equal  to  the  ones  of  back  waves. 

If  (2)  then  q^O  and  the  following  cases 

are  possible: 

1.  Four  wavenumbers  are  real  values.  Two  waves  can 
propagate  within  waveguide.  Phase  velocities  of  di¬ 
rect  waves  are  not  equal  to  the  ones  of  back  waves. 

2.  Two  wavenumbers  are  real  values  and  two  are 
imaginary  values.  Real  wavenumbers  have  opposite 
signs.  One  wave  can  propagate  within  the 
waveguide.  Phase  velocity  of  the  direct  wave  is  not 
equal  to  the  one  of  back  wave. 

3.  Two  wavenumbers  are  real.  Sings  of  wavenumbers 
are  equal.  In  this  case  back  waves  do  not  exist. 

4.  Four  wavenumbers  are  imaginary  values.  Both 
waves  are  unpropagating. 

Each  of  these  cases  may  be  obtained  for  certain  medium 
parameter,  frequency,  and  dimensions  of  waveguide. 

CONCLUSIONS 

Analytical  solution  of  Maxwell's  equation  that  describe 
wave  behavior  in  rectangular  waveguide  filled  uniaxial 
bianisotropic  medium  are  presented.  That  is  particular 
case  but  not  general  solution.  It  is  shown  that  two 
waves  with  different  phase  velocities  exist  within  this 
waveguide.  It  is  show  also  tliat  phase  velocity  forward 
wave  is  not  equal  phase  velocity  of  back  wave  if 
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phone  (0562)433-630,  e-mail:  root@apl.net-rif.dsu.ua 


INTRODUCTION 

Measurements  of  tlie  complex  perraitti\ity  e  =  s'-  /  •  e" 
allow  to  cany  out  fast  control  of  tlie  dielectric  and 
semiconductor  materials  quality.  Sometimes,  this  con¬ 
trol  measurement  may  complete  or  substitute  the 
chemical,  physical,  optical  and  others  types  of  analy- 
sises.  Admixture,  added  into  pure  substance,  change 
the  significance  of  complex  permittivity.  The  micro- 
wave  measurements  of  s'  and  tg5  may  be  used  by  the 
chemical,  food  and  others  industries  to  control  techno¬ 
logical  processes,  and  by  the  research  laboratories, 
which  need  in  tlie  information  about  tlie  substance 
characteristics.  The  waveguide  and  resonant-cavity 
methods  of  dielectric  constants  measurements  are  the 
most  widely  used  methods.  They  allow  to  comprise  the 
wide  band  of  values  of  Dielectric  Constant  and  Loss 
Tangent  and  do  not  demand  special  equipment.  For  the 
complex  permittivity  measurements  equipment  for 
research  of  feed  lines  and  antennas  at  microwave  fre¬ 
quencies  may  be  used.  The  Resonant-  Cavity  method 
provides  relatively  high  precision  of  permittivity  meas¬ 
urements  for  dielectric  substance  with  low  Loss  Factor 
(ig5  <  0,01)  and  Dielectric  Constant  ,  from  1  to  40. 
This  method  allow  to  measure  parameters  either  of  the 
separate  specimen,  or  parameters  of  substance  in  the 
torrents  (for  the  liquid  and  powder  substances).  The 
Waveguide  method  allow  to  measure  e'  and  tg5  practi¬ 
cally  of  all  dielectric  materials.  The  specimen  may  be 
situated  in  the  waveguide  [1,  2]  or  in  free  space  [5]. 

THE  RESONANT-CAVITY  METHOD 


Table  1 


Substance 

s' 

tgS 

oil 

2.14 

8.5- lO'^ 

benzine  A-76 

2.05 

6- 10'^ 

toluol 

2.37 

8- 10'^ 

benzol 

2.28 

4- 10’^ 

The  Resonant-Cavity  method  is  based  on  the  determi¬ 
nation  of  the  resonance  frequency  and  quality  factor  of 
the  empty  resonator  {fo  ,  and  the  resonance  fre¬ 
quency  and  0-factor  of  the  filled  by  the  substance  reso¬ 
nator  (/i ,  Qi).  Wlien  resonant-cavity  is  full  of  the  re¬ 
searched  substance  and  relative  magnetic  permittivity  is 
equal  to  imit  (w ,  =  7),  we  have 

e’  =  (/o/;;)^tg8=  1/0, -1/00. 

Some  results  of  the  complex  dielectric  permittivity 
measurements  are  given  in  Table  1.  Scheme  of  the 
equipment  used  in  the  measurements,  is  shown 
in  Fig.  1. 


b) 

Fig.  1.  Measurement  of  the  complex  permittivity  by 
resonant-cavity  method: 
a)  Scheme  of  the  set:  SFG  -  sweep-frequency 
generator;  DC  -  directional  coupler;  RC  -  resonant- 
cavity;  ML  -  matched  load;  D  -  high-frequency  detector; 
TBG  -  time-base  generator;  MR  -  meter  of  the  ratio; 
b)  Appearance  of  the  set. 
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THE  WAVEGUIDE  METHOD 

The  waveguide  method  is  based  on  the  interaction 
between  electromagnetic  wave  directed  by  the  feed  line 
and  researched  substance.  One  of  the  more  widely  used 
methods  is  based  on  the  impedance  measurement  of  the 
filled  by  the  specimen  waveguide  fragment.  A  value  of 
tlie  impedance  is  used  for  calculation  of  the  dielectric 
constant  and  loss  tangent,  in  accordance  with  the  inter¬ 
action  model.  The  scheme  of  tlie  equipment,  realizing 
the  waveguide  method,  is  shown  in  Fig.  2. 


The  specimen  2  is  situated  at  the  end  of  the  measuring 
waveguide  1.  Infonnation  about  VSWR  and  phase 
angle  0  =  (where  z  is  the  distance  between  the 

specimen  surface  and  tlie  first  knot  (minimum)  of  the 
standing  wave  in  the  waveguide,  Ag  is  the  wavelength 
in  the  waveguide  without  specimen)  is  obtained  with 
the  measure  apparatus  3.  The  waveguide  fragment's 
(with  specimen)  impedance  is 

Z=Zo(l-/  •5-tge)/(S-/-tge) 

(where  Zo  is  the  wave  impedance  of  tlie  waveguide 
Avithout  the  specimen,  S  is  the  VSWR).  Significances  of 
e'  and  tgS,  we  need  in,  are  obtained  from  the  solution  of 
the  following  equation; 

thj-j-d)  .  Xt^(l-/-^-/'ge) 

Y-(i  2nd(S-i-tgQ) 

where  y  =  /  ~  •  Je'  -/•£’-  (^)^ , 

Aq  V 

y  is  the  constant  of  tlie  wave  spreading  in  the 
waveguide  fragment  with  the  specimen;  Ao  is  the 
wavelength  in  free  space;  Ac  is  the  cut-off  wavelength 
for  type  of  wave  used  in  measurements  in  the  concrete 
waveguide. 

If  we  introduce  yd  =  a+i-b  and  separate  real  and 


imaginary  parts,  we  shall  obtain  the  following  system 
a  •  shla  +  b  -  sm  lb 


of  equations; 


(fl^  +  b^)ichla  +  cos  lb) 
a  smlb  -b  -  shla 


[(u^  +  b^  ){ch2a  +  cos  2b) 


■X  =  0, 


Y  =0, 


where 


-A^  •(i-^-^)-<ge 
2Tid(\  +  S~^ -tg^Q)  ’ 
-A^(i  +  /g^e) 
2nd  5(1  + S-^  tg^Q) 


The  obtained  system  of  equation 

[/!(«,/,)  =  0; 


c) 


/2ia,b)  =  0 


Fig.  2.  Measurement  of  the  complex  permittivity  by 
waveguide  method: 
a)  The  scheme  of  measurement  set; 

1-  the  waveguide;  2  -  the  specimen  of  the  substance;  3 
-  the  measurement  device; 

b)  The  diagrams  of  the  standing  wave  in  the  waveguide: 
4  -  without  the  specimen;  5  -  with  the  specimen; 
Appearance  of  the  set. 


is  solved  by  numerical  methods  at  the  computer.  There 
are  some  methods  of  the  analogous  systems  of  equa¬ 
tions  solving.  We  used  the  following  metliods: 

The  1-st:  using  the  Newton's  method: 


db 


db 


dfiicinA)  5f2(a„A)  dfi(a„A)  ^ 

da  db  db  da 
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Table  2 

Parameter 


Vl=*. 


da 


g/iAA)  dfijaM  df2{aM' 

da  db  db  da 


where 

^  /iK>A)  ^  S  ^  fii^^nA) 

da  ’  d  b  ’  da  ’  d  b 
values  of  the  partial  derivatives  when  a  ^  a„, 


Sub¬ 

stance 

Measurement 

From  [1,2] 

e 

e" 

tg5 

e 

e" 

Water 

75.8 

10.3 

0.14 

79.3 

7.9 

0.1 

Acetone 

22.3 

2.23 

0.1 

21.3 

16.7 

0.78 

Toluol 

2.28 

0.13 

0.06 

2.38 

0.047 

0.02 

Coal 

2.95 

0.21 

0.07 

— 

— 

Ashes 

3.17 

0.4 

0.13 

— 

— 

b  =  b„ 

As  the  first  approach  we  used: 
a  =  0,07;  b  is  the  approximate  solution  of  the  equation 

^=x. 

b 

The  2-nd  method;  the  initial  problem  of  the  solving  of 
the  equations  system  is  rediced  to  the  one  of  the  mini¬ 
mum  searching  of  the  two  variable  functions  (problem 
of  the  optimization).  We  used  the  fimction 

f{a,b)  =  {nio,b))^  Hn{a,b)?  ■ 


One  of  the  descent  methods  is  the  one  of  the  local 
variations  was  used  for  the  solving  of  this  problem.  As 
the  first  approach  we  used  the  same  magnitudes,  as 
used  in  the  Newton's  method.  The  counting  process  was 
stopped,  when  the  following  conditions  were  obtained; 


°n+\ 

a 


-a 


n 


n 


<10  (in  the  Newton's 


method)  or  f(a,b)<\Q  ^  (in  the  minimum  searching). 


Another  type  of  the  waveguide  methods  use  the  inter¬ 
action  between  the  irradiated  to  the  substance  surface 
(situated  out  of  the  waveguide  (in  free  space))  and  re¬ 
flected  signals.  Radiating  and  receiving  the  electro¬ 
magnetic  signals  are  realized  by  the  directional  anten¬ 
nas.  The  reflected  signal  brings  the  information  about 
the  reflectivity  value  and  phase.  This  information  is 
used  for  the  consequent  searching  of  the  complex  per¬ 
mittivity. 

CONCLUSION 

These  investigations  have  shown,  that  the  resonant- 
cavity  and  waveguide  methods  may  be  widely  used  for 
rapid  control  of  the  different  liquid  and  powder  materi¬ 
als  quality  at  the  chemical,  food  (etc.)  industries,  and  at 
the  research  laboratories.  Realization  of  these  methods 
allow  to  use  resources  more  rationally  to  make  more 
effective  control  of  different  industrial  production's 
processes,  where  on  information  about  substance  pa¬ 
rameters  is  required,  to  make  research  at  synthesis  of 
the  dielectric  materials  with  required  values  of  the 
dielectric  constant  and  loss  factor. 


After  that  found  significances  a  and  b,  were  recounted 
into  parameters  e'  and  tg5: 


,  {bld)^  -{atd)^ 
(27i/Xo)^ 

^  0,5-a-b  _ 

in-d/Xof  ’ 


+ 


V 


'c  y 


2 


Theoretically,  we  obtain  an  interminable  number  of  the 
system's  roots  (because  periodical  functions  come  in  to 
the  system),  but  practically  correct  value  of  e'  and  tg5 
are  situated  among  the  first  five  roots  (depending  on 
the  thickness  of  the  substance  value).  That  is  why  pre¬ 
liminary  information  about  e'  and  tgS  values  is  impor¬ 
tant.  Some  results  of  the  complex  pennittivity  meas- 
inements  for  several  liquids  and  powder  substances  are 
shovm  in  Table  2. 
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RATIONAL  TECHNOLOGIES  AND  MICROWAVE  DESIGNS  FOR  GYPSUM 
BINDER,  CASEIN,  FRUITS,  VEGETABLES  AND  OTHER  FOOD-STUFFS 


A.  I.  Dokhov,  V.  V.  Zhirnov,  N.  E.  Lukyanenko 

Kharkov-State  Technical  University  of  Radio-Electronics  (KHTURE) 
310726,  Kharkov,  pr.  Lenina,  14 


Electrothermal  processing  by  microwave  field  is  one  of 
the  perspective  methods  of  exposure  on  materials,  bio¬ 
logical  objects,  agricultural  and  food-stuffs  and  so  the 
investigations  in  this  direction  are  rather  urgent  for 
national  economy  [1-2], 

The  authors  developed  economical  technologies  allow¬ 
ing  to  produce  high-quality  gypsum  binder,  casein  and 
other  building  materials,  as  well  as  technologies  and 
designs  for  drying  grain,  fruits,  vegetables  and  other 
agricultural  and  food-stuffs  using  a  combined  multi¬ 
function  method  by  the  way  of  direct  influence  on  the 
material  by  a  hot  air  and  microwave  energy  [3,  4], 

In  the  report  arc  stated  rational,  from  the  point  view  of 
economy,  variants  of  construction  of  plants  of  com¬ 
bined  type.  Below  main  features  of  proposed  technolo¬ 
gies  and  designs  of  plants  are  given. 

The  proposed  technology  of  gypsum  binder  production 
includes  the  thennal  processing  of  gypsum  stone  by 
irradiating  it  wth  microwave  field  of  microwave-field 
of  Hmo  range  of  110-130  W/kg  power  during  20-30 
minutes.  The  gypsum  stone  and  electromagnetic  field 
interaction  is  based  on  the  mechanism  of  energy  trans¬ 
mission  to  substance  of  high  dielectric  permittivity. 

This  interaction  main  peculiarity  is  that  it  takes  place 
within  the  whole  volume  of  substance  (gypsum  stone) 
simultaneous  uses.  As  a  result,  tliermal  energy  is  radi¬ 
ated  by  tire  whole  medium  volume  whereas  interaction 
with  environment  is  realized  only  through  its  surface. 
As  a  consequence  of  this  a  temperature  rises  in  tlie 
sample  center  more  intensively  tlian  on  its  surface. 
Owing  to  this,  pressure  is  (up  to  15-16  atm)  created  in 
gypsum  stone  middle  and  under  its  effect  micropores 
are  formed,  through  which  water  is  pressed  out  to  the 
sample  surface  and  is  evaporated  (dehydration)  due  to 
additional  absorption  of  microwave-energy.  The  heat¬ 
ing  of  gypsum  stone  (bihydrate  gypsum)  with  the  pur¬ 
pose  of  its  conversion  into  half-hydrate  of  a  and  p 
modifications  is  realized  for  no  longer  a  10  minutes 
(under  condition  of  preliminary  heating  gypsum  stone 
surface  up  to  120  °C).  Without  premilinary  heating 
dehydration  process  is  realized  for  45-50  minutes. 

The  proposed  technology  of  gypsum  production  enables 
to  produce  high  quality  gypsum  binder  (gypsum  half¬ 
hydrate  of  a  and  p  modifications)  with  high  productiv¬ 
ity  and  small  power  consumption  as  compared  with 
known  technology  of  gypsum  production  in  autoclaves 
at  the  heated  vapour  pressure  of  6  atm  and  following 
drying  of  steamed  stone  in  the  same  autoclaves,  where 
cycle  lasts  29  hours  and  is  not  non-stop.  At  the  pro¬ 


posed  technology  and  plant  a  cycle  of  gypsum  dehydra¬ 
tion  is  30  minutes  and  a -gypsum  outcome  efficiency 
runs  to  25-35%,  i.e.  its  productivity  is  raised  approxi¬ 
mately  20  times  in  comparison  with  the  known  tech¬ 
nology. 

The  technology  of  casein  and  other  building  materials 
production  includes  thermal  processing  of  raw  material 
by  means  of  electromagnetic  radiation  processing 
jointly  with  processing  by  hot  air  at  90...  100  °C.  For 
this  there  were  incorporated  a  chamber  of  hot  air  wind 
and  a  one  of  water  vapour  extract. 

Using  of  such  multifunction  method  of  processing 
cheeses  by  microwave  energy  and  energy  of  hot  air 
allows  to  reduce  a  consumption  of  microwave  energy 
when  producing  1  kg  of  casein  1.5... 2  times  and  en¬ 
large  productivity  approximately  in  2  times  as  com¬ 
pared  with  processing  with  microwave  energy  alone. 

As  a  basis  of  technology  and  design  of  combined  mi¬ 
crowave-system  for  drying  grains,  fruits,  vegetables 
and  otlier  agricultural  products  and  food-stuff  was  used 
the  thermal  processing  by  electromagnetic,  microwave- 
energy  irradiation  of  50...  130  W/kg  power  during 
7... 30  minutes  vritii  additional  dehydration  of  working 
raw  material  by  heated  air  and  pneumatic  withdrawal 
of  air  together  with  water  vapour  when  withdrawal  flow' 
is  controlled. 

The  technology  on  the  base  of  tlie  microwave-energy 
use  for  agricultural  and  food-stuff  drying  ensures  high 
productivity  with  small  power  consumption,  as  well. 
The  advantage  is  2  times  approximately. 

Fields  of  using:  Agricultural  processing  industry,  food 
production.  Practical  importance  in  world  is  of  wide 
scale;  proposed  technologies  on  the  basis  of  micro¬ 
wave-energy  use  are  ecologically  pure  as  they  are  based 
on  using  only  electric  energy.  Besides,  the  realization 
of  technologies  to  be  created  will  enable  to  replace 
power-consuming  productions,  which  are  based  on 
using  such  energy  sources  as  petroleum  product  and 
gas.  For  Ukraine  daily  economy  may  be  hundred  mil¬ 
lions  of  USA  dollars. 
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BACK  CHANNEL  IN  DIGITAL  MMDS 

A.  L  Dolgonos,  H.  L.  Baindurashvili*,  A.  M.  Voychinsky 
"Unique  Broadband  Systems,  Inc.",  *"Unique  LLC" 


The  MMDS  transmission  system  is  a  low  cost  televi¬ 
sion  transmis-sion  media.  While  tlie  transmission  of 
cable-television  signals  over  coaxial  lines  has  existed 
for  many  years,  MMDS  (known  as  "wireless  cable")  is 
gaining  popularity  for  its  easy  maintenance  and  low 
cost. 

MMDS  systems  are  providing  not  only  transmitting  of 
broadcast  analog  TV  channels  now,  but  also  are  using 
as  a  basis  for  creating  of  complex  digi  tal  sj'stems.  Be¬ 
sides  of  transforming  analog  signals  to  digital  forms 
these  systems  allow  to  build  wireless  Internet  deliver}' 
system  for  fixed  and  mobile  wireless  applications,  tele¬ 
phone  networks,  systems  of  transmitting  data  witli 
speed  >  2  Mbps,  and  controlling  systems.  The  portfolio 
of  MMDS  products  offered  by  Unique  Broadband  Sys¬ 
tems,  Inc.,  Canada  includes  equipment  to  satisfy  all 
systems  requirements.  The  product  includes  transmit¬ 
ters  and  repeaters  with  equivalent  output  power  capa¬ 
bilities  ranging  from  5  Watt  to  1000  Watt.  The  outdoor 
equipment  is  designed  to  provide  years  of  trouble  free 
service  and  is  robust,  and  can  be  configured  in  dual 
redundant  broadband.  A  VHP  band  input  signal  is 
routed  to  a  broadband  PIN  diode  attenuator  and  upcon- 
verter  assembly,  were  it  is  mixed  with  a  low  phase 
noise,  local  oscillator  signal.  A  sample  of  the  input 
signal  is  taken  for  monitoring  purposes.  A  mixer  output 
filter  then  selects  the  upper  sideband  signal,  which  is 
fed  to  the  output  power  amplifier  for  amplification  to 
the  level  required  for  transmission.  A  sample  of  the 
output  amplifier  signal  is  fed  back  to  the  PIN  diode 
attenuator  control  circuitry  closing  the  automatic  level 
control  loop.  An  additional  RF  sample  is  also  taken  and 
used  for  monitoring  purposes.  The  transmitter  output  is 
protected  from  reflected  signal  power,  lighting  and 
corona  dis-charge. 

The  front  panel  allows  easy  access  to  all  system  com¬ 
ponents  for  maintenance  purposes.  The  transmitters  are 
forced  air-cooled  and  are  able  to  operate  over  a  wide 
indoor  temperature  range  so  they  do  not  specifically 
require  HVAC.  The  powering  requirements  are  stan¬ 
dard  115  Vac  mains. 

Front  panel  test  points  allow  you  to  directly  measure 
input  and  output  signals  and  access  the  down-converter 

VHF  output.  Voltage  levels  which  represent  input  sig¬ 
nal  and  local  oscillator  presence,  ALC,  output  power 
amplifier  temperature,  power  supply  output  and  de¬ 
tected  output  power  may  be  viewed  at  the  front  pane! 
LCD  display.  All  system  parameters  are  internally 
monitored  and  in  the  event  of  a  malfunction  a  summary 


alarm  contact  closure  is  provided.  Transmitter  output 
level  is  controlled  from  a  front  panel  adjustment.  A 
transmitter  can  also  be  equipped  with  an  optional  mi¬ 
croprocessor  board  for  remote  monitoring  and  control 
using  a  host  PC. 

The  Transmitter  Redundancy  Switch  (TRSD)  allows 
two  transmitters  to  operate  together  in  a  dual  redundant 
configuration.  A  dual  redundant  transmitter  switch 
system  finds  application  in  locations  were  the  modula¬ 
tor  outputs  are  available  and  can  be  combined  into  two 
groups.  During  normal  operation  each  of  the  two 
transmitters  receives  one  half  of  the  total  number  of 
channels.  Under  these  conditions  tlie  output  carrier 
power  from  each  transmitter  can  be  increased  by  3  dB 
for  a  given  intermodulation  level.  In  the  event  eitlier 
transmitter  is  taken  off  line,  the  switch  transfers  the 
total  combined  channel  load  to  the  remaining  trans¬ 
mitter  and  it's  internal  automatic  level  control  adjusts 
the  output  carrier  power  maintaining  the  same  inter¬ 
modulation  level.  If  the  channels  cannot  be  combined 
into  two  groups  a  standby  redundant  transmitter  switch 
system  is  required.  TRSD  systems  are  available  for 
either  indoor  or  outdoor  applications. 

Oin  experience  shows  that  MMDS  is  truly  infrastruc¬ 
tural,  it  should  give  rise  to  many  other  industries  within 
the  Russian  economy.  Russia  with  its  population  149 
million  and  more  than  30,000,000  homes  has  4.6  mil¬ 
lion  cabled  homes,  or  only  15  %. 

Tills  is  exactly  our  point:  we  believe  that  when  driven 
by  an  infrastructurally-oriented  business  plan,  MMDS 
will  create  hundreds  of  market  niches,  each  represent¬ 
ing  opportunities  for  new  industries  to  emerge.  Free 
market  economics  can  be  unleashed  to  create  both  an¬ 
ticipated  and  unanticipated  opportunities. 

18th  Session  of  the  Board  of  the  RCC  Communications 
Administrations  Heads-Ministers  (Chisinau,  September 
30-October  1,  1997)  and  Sevastopol  conference  "Mi¬ 
crowave  and  Telecommunications  technology"  have 
confirmed  global  solutions  of  UBS  MMDS  Systems  for 
the  fonner  USSR: 

-  UBS  which  has  been  manufacturing  products  for  more 
than  8  years  is  a  leading  Canadian  designer  and 
manufacturer  of  cable  television  equipment  (5  MHz- 
1000  MHz).  UBS'  products  for  the  CATV  and  LAN 
industries  have  won  the  award  of  the  best  RF  passive 
items  as  commodity  products  in  Russia.  It  was  nomi¬ 
nated  by  All-Russian  Cable  TV  Association.  This 
award  was  result  of  votes  by  both  retailers,  dealers  and 
organizations  of  CATV  and  LAN  industries,  who  com- 
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pare  and  recommend  products  by  prices,  tcnns  of  deliv¬ 
ery  and  payment,  specifications,  quality  and  warranty; 

-  In  1993  its  daughter  company  UBS-Russia,  also 
known  as  UBS-R,  was  founded  by  UBS  in  St.  Peters¬ 
burg.  UBS-R  designs  and  manufactures  products  to 
meet  tlie  viewing  and  netw’orking  needs  in  the  former 
Soviet  Republics,  Eastern  Europe  and  Scandinavian.  In 
addition  to  manufacturing  and  supplying  products  into 
the  local  markets,  during  the  last  two  years  UBS-R  has 
shipped  thousands  of  passives  to  UBS.  They  are  being 
sold  across  the  USA,  Canada  and  abroad.  Locally, 
UBS-R  maintains  a  network  of  strategically  situated 
dealers  and  distributors; 

-  UBS  also  does  research,  development  and  manufac¬ 
turing  of  MMDS  Transmitters  and  Downconverters  for 
CIS  and  warrantees  that  the  equipment  meets  published 
specifications  and  the  international  cable  and  broad¬ 
casting  standards  for  tliis  type  of  equipment.  UBS-R 
with  facilities  in  STP  can  provide  turn  key  certified 
MMDS  systems  at  low  cost  within  60-90  days.  All 
repairs  can  take  place  at  the  UBS-R  facility  Sers'ice 
Center  in  St.  Petersburg,  UBS-R  as  usual  may  be  re¬ 
sponsible  for  the  installation. 

-The  UBS  MMDS  Transmission  System  is  a  low  cost 
television  transmission  media.  A  video  and  audio  sig¬ 
nal  is  fed  to  a  modulator  assembly.  These  signals  can 
be  from  a  downconverted  satellite  feed,  a  studio  cam¬ 
era,  a  video  recorder,  or  any  similar  de\'ice.  The  com¬ 
bined  audio-video  signal  is  modulated  to  comply  to  the 
SECAM  format  and  upconverted  to  a  frequency  in  tlie 
200  MHz  to  400  MHz  frequenc>’  spectnim.  The  modu¬ 
lator  frequencies  are  allotted  in  such  way  that  no  two 
signals  occupy  the  same  frequency  slot.  The  modulator 
output  goes  to  a  broadband  combiner.  The  combined 
signals  arc  available  at  the  output  signal  port. 

The  isolation  of  the  combiner  prevents  signals  gener¬ 
ated  in  one  modulator  from  adversely  affecting  the 
output  of  any  other  modulator.  The  combiner  output  is 
at  a  relatively  low  frequency  when  compared  to  the 
transmission  frequency  (10:1).  Therefore,  the  signal 
can  be  distributed  over  distances  of  several  hundred  feet 
without  severe  insertion  loss  or  signal  degradation. 
Tills  combined  block  of  signals  becomes  the  input  to 
the  transmitter.  The  transmitter  upconverts  and  ampli¬ 
fies  this  information.  Its  frequency  band  is  from  ap¬ 
proximately  2.5  GHz  to  2.7  GHz.  The  amplifiers  are 
ultra  linear  solid  state  Gallium  Arsenide  (GaAs)  units. 
The  high  linearity  is  required  to  reduce  the  effects  of 
cross  modulation  and  composite  triple  beat  from  de¬ 
grading  the  television  signal.  The  transmitter  is  located 
in  as  close  proximity  as  practical  to  the  antenna  since 
cable  insertion  loss  increases  with  increasing  fre¬ 
quency.  The  amplified  signal  is  routed  to  tlie  antenna 
assembly  using  the  appropriate  low  loss  transmission 
line.  The  antenna  acts  as  a  transformer  allowing  effi¬ 
cient  radiation  to  space.  The  antenna  pattern  deter¬ 


mines  the  direction  of  radiated  energy  thereby  increas¬ 
ing  the  power  density  in  a  desired  direction.  This 
energy  gained  from  the  antenna  patterns  as  compared 
to  the  transmitter  amplifiers  is  a  more  cost  effective 
way  to  increase  the  system  output  power.  The  radiated 
energy  is  received  by  the  subscriber  using  a  small  an¬ 
tenna  and  downconvertor  assembly.  At  this  point  the 
process  is  reversed  and  the  information  is  extracted 
from  the  received  energy  and  distributed  to  the  desired 
locations. 

As  to  single  channel  MMDS  version,  Metromedia  In¬ 
ternational  Telecommunications,  Inc.  has  installed  10 
systems  in  the  former  USSR,  but  it  is  very  expensive 
equipment.  The  cost  of  Comwave  made  transmitters  is 
about  $500K.  Only  "new  Russians"  can  afford  to  pay 
more  than  $30.00  per  month  for  24  channels.  Of 
course,  such  expensive  channels  must  be  scrambled 
immediately. 

UBS  has  another  strategy:  free  advertiser-supported 
programming,  educational  television  and  distance 
learning. 

To  create  economic  growth  and  ensure  widespread 
usage,  technology  must  be  affordable  for  a  large  num¬ 
ber  of  users. 
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INFLUENCE  OF  NONLINEAR  CAPACITANCE  OF  A  MICROWAVE 
RECTIFYING  DIODE  ON  RECTENNA  CHARACTERISTICS 


A-  L  Luchaninov,  M.  A.  Omarov,  A,  A.  Konovaltsev 

Kharkov  State  Technical  University  of  Radio  Electronics 
Prospekt  Lenina  14,  Kharkov  310726,  Ukraine 
e-mail:  tea@kture.kharkov.ua 


Nowadays  radio  electronic  devices  are  widely  used  in 
many  fields  of  national  economy.  One  of  these  fields  is 
the  space  energetics,  where  systems  of  wireless  power 
transmission  by  a  microwave  beam  (WPT  system)  are 
rather  viable  and  have  good  prospects  for  realization.  A 
transmitting  part  of  WPT  system,  radiating  a  required 
pow'er  and  forming  tlie  microwave  beam  of  a  desired 
form,  is  maintained  on  a  power  satellite  supplying 
energy  to  a  few  space  vehicles.  As  receivers  of  energy 
on  these  vehicles  arrays  o'"  antenna-rectifiers  (recten- 
nas)  are  used,  which  transform  microwave  energy  into 
direct  current  by  means  of  rectifying  Schottky  diodes. 

Computation  of  main  recterma  characteristics  is  per¬ 
formed  by  the  methods  of  the  theory'  of  antennas  with 
non-linear  elements  [1].  One  of  the  computation  stages 
is  the  selection  of  a  simulation  model  of  the  rectify'ing 
Schottky  diode.  In  [2]  it  is  shown  that  when  a  WPT 
system  is  operating  at  the  frequency  of  2.45  GHz,  the 
Schottky  diode  can  be  sufficiently  represented  as  a 
nonlinear  resistance  assuming  that  the  diode  capaci¬ 
tance  does  not  depend  on  the  level  of  the  input  signal. 

However  the  use  of  the  mentioned  above  model  leads  to 
considerable  errors  of  calculation  when  the  dynamic 
range  of  an  input  signal  is  widening  and  the  WPT  sys¬ 
tem  operating  frequency  is  raising  (for  example  to  the 
frequencies  of  the  millimeter  wave  range). 

The  paper  presents  the  results  of  investigations  of  rec- 
teima  characteristics  when  the  Schottky  diode  is  simu¬ 
lated  by  a  parallel  connection  of  the  nonlinear  resis¬ 
tance  with  the  following  characteristic 


and  the  nonlinear  capacitance  C(w)  defined  as 
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u  is  the  input  signal  voltage;  is  the  saturation  cur¬ 
rent;  a  is  a  constant;  D  is  the  parameter,  determined 
experimentally  for  tlie  good  convergence  of  an  iteration 
process  to  be  provided;  Cq  is  the  diode  capacitance 
when  M  =  0 ;  C^^^  is  the  diode  capacitance  when 
l^max  i®  voltage  defined  from 
(•Pi  “  CmaxV^max  « 1 5^^  0 ,  cp,;.  is  tlie  contact  potential 
difference,  v  =  0,5. 

Numerical  investigations  of  rectenna  characteristics 
have  been  performed  at  frequencies  of  2.45,  10  an 
35  GHz  taking  into  account  the  nonlinear  dependence 
cf  the  Schottky  diode  capacitance  on  the  level  of  the 
input  signal  as  well  as  ignoring  it.  It  was  clarified  that 
wlien  frequency  increases  the  errors  of  rectenna  char¬ 
acteristics  estimation  increase  and  can  attain  the  value 
up  to  a  few  dozens  of  percent  if  dependence  C{u)  is 
not  taken  into  account.  This  dependence  influences 
considerably  on  the  course  of  a  curve  where  Pq 

is  a  power  of  direct  current  in  a  rectenna  load,  5  is  a 
flux  density  of  the  microwave  beam  falling  on  the  rec¬ 
tenna  aperture. 

In  the  paper  tlie  results  of  computation  and  experi¬ 
mental  investigations  of  the  dependence  ^ 

specific  rectenna  are  compared  as  well.  This  compari¬ 
son  confirms  the  possibility  to  use  expressed  as  (1)  and 
(2)  model  of  rectifying  Schottky  diode  in  practice. 
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TRANSMISSION  OF  AN  E-MAIL  FORMAT  SIGNALS  IN  MF/HF  RANGES 
IN  A  MARINE  RADIO  COMMUNICATION 

V.  N.  Martynkin,  Y.  V.  Malyarcnko 

Odessa  State  Marine  Academy,  Odessa,  Didrichson  Str.  8,  Building  7 


A  transmission  of  E-mail  fonnat  signals  discovers  more 
and  more  broad  application  for  safe  navigation  in  a 
marine  radio  communication. 

The  transmission  of  the  E-mail  fonnat  signals  is  car¬ 
ried  out  in  ranges  of  average,  intermediate  and  short 
waves.  In  comparison  with  a  radio  telephone  a  doubt¬ 
less  advantage  of  a  radiotelex  is  in  documenting  the 
messages  and  saving  them  on  a  paper  and  magnetic 
carriers  as  a  text  files  of  an  infonnalion.  The  special 
attention,  in  turn,  is  attracted  by  transmission  of  E-mail 
fonnat  signals  on  middle-  and  high-  frequencies  (MF; 
1605-4000  kHz,  HF:  4-27.5  MHz).  It  is  stipulated  by 
that  the  singular  advantages  are  exhibited  in  a  short¬ 
wave  range,  when  the  radio-frequency  voice  communi¬ 
cation  is  unstable  from  various  parasites  and  singulari¬ 
ties  of  radio  waves  passing.  In  radio  telex  an  influence 
of  these  parasites  can  be  practically  reduced  to  a  mini¬ 
mum  and  irritant  fadings,  misses  of  connection,  natural 
for  a  radio  telephone  being  not  appreciable  for  an  op¬ 
erator  of  radio  telex  communication.  In  the  field  of  an 
information  of  transmission  by  E-mail  format  signals  it 
is  reached  by  application  of  special  methods  of  coding 
of  an  information  permitting  to  discover  and  to  correct 
errors. 

Originally  for  radio  telex  communication  between  ves¬ 
sels  or  between  vessels  and  coast  ser\'ers  the  condition 
of  direct  printing  was  used  at  which  in  a  radio  channel 
the  International  telegraphic  code  (ITC-2)  was  applied. 
In  this  code  each  transmitted  sign  is  represented  by  five 
binary  elements.  Such  a  condition  is  characterized  by 
low  reliability  of  transmission  of  an  information,  as  the 
code  ITC-2  does  not  ensure  protection  from  hindrance 
of  an  information.  The  entrance  into  the  communica¬ 
tion  is  carried  out  manually. 

Since  the  70-th  years  an  implementation  of  a  new 
equipment  of  narrow-band  direct-printing  telegraphy 
(NBDP)  starts,  using  improved  metliods  of  coding  of  an 
infonnation.  In  correspondence  with  the  requirements 
ICCR  in  radio  telex,  7-element  synchronous  codes  with 
constant  ratio  of  number  of  "units"  to  number  of  "zero" 
equal  to  3/4  are  used.  Each  transmitted  numeral  is 
represented  by  a  family  of  binary'  figures  -  bits,  and 
only  the  combinations  with  three  "units"  and  four 
"zero"  are  used.  Such  code  in  tlieoiy  of  coding  is  named 
as  a  code  with  constants  of  weight  equal  to  three.  The 
total  number  of  code  combinations  have  a  weight  equal 
to  3  being  equal  to  number  of  pennutations  from  three 
"units"  and  four  "zero"  that  under  the  fonnula  of  a 
theory  of  combinations  gives 


C7(3,4)=7!/3!4!=35  . 

All  tliese  35  combinations  are  enough  for  representing 
of  all  of  the  32-nd  numerals  of  a  code  ITC-2.  The  code 
with  a  ratio  equal  to  3/4  does  not  require  start  and  stop 
bits  because  it  is  synchronous.  Additional  bit  of  check 
on  evening  is  not  required  also  because  virtue  of  a  con¬ 
stant  ratio  of  number  1  to  number  0. 

For  error  detection  at  reception  of  each  code  combina¬ 
tion  its  weight,  or  number  of  units  is  calculated.  If  the 
weight  of  an  adopted  code  combination  is  equal  to  three 
or  the  ratio  of  number  of  units  to  number  of  zero  is 
equal  to  3/4,  it  is  considered  that  the  code  combination 
is  adopted  correctly.  Otherwise  it  is  considered,  that 
there  was  an  error.  Such  code  discovers  all  single  errors 
(such  as  replacements  1  on  0  and  on  the  contrary)  and 
majority  of  errors  of  the  greater  multiplicity  for  which 
weight  of  a  code  combination  is  broken.  In  real  digital 
channels  with  an  error  tending  to  grouping  in  pack¬ 
ages,  and  besides  inside  one  package  the  distortion  is  in 
one  direction:  the  zero  are  substituted  by  units  and  on 
the  contrary.  For  such  asymmetric  data  links  errors  find 
out  practically  always  and  not  undetected  errors,  for 
which  the  ratio  is  equal  to  3/4  is  constant,  are  very  rare. 

For  an  error  checking  in  radio  telex  the  following 
measures  are  adopted: 

1)  active  method  by  recurring  numerals  adopted  with 
an  error  (the  condition  ARQ); 

2)  transmission  of  each  numeral  twice  with  an  offset 
through  four  numerals,  without  any  re-request  of 
transmission  of  the  error  block  (condition  FEC). 

A  condition  ARQ  (Automatic  Repetition  request  -  the 
Automatic  demand  of  a  recurring)  provides  retransmis¬ 
sion  of  an  infonnation  at  a  detection  of  an  error  on  a 
receiving  extremity.  The  station  transmitting  the  mes¬ 
sage,  is  named  conducting  (Master)  as  the  server,  and 
receiving  -  driven  (Slave)  by  the  server.  The  master 
seiA'er  transmits  the  block  from  three  numerals.  The 
slave  server  checks  up  if  it  is  a  ratio  equal  to  3/4  for 
each  numeral  in  the  block.  After  receptions  of  each 
block  tlie  driven  server  transmits  confirmation  about  a 
regularity  (or  error).  In  a  case  when  all  three  numerals 
are  adopted  correctly,  the  slave  server  transmits  a  sign 
of  confirmation  and  readiness  for  reception  of  the  fol¬ 
lowing  block.  If  even  for  one  from  numerals  the  ratio 
equal  to  3/4  is  defaulted,  tlie  driven  server  gives  a  de¬ 
mand  for  a  recurring  of  tlie  block.  The  retransmission 
of  the  block  can  be  repeated  up  to  32  times.  If  all  32 
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attempts  of  transmission  of  the  block  are  unsuccessful, 
the  master  server  automatically  initiates  new  call.  If 
this  call  also  appears  unsuccessful  the  transmission  of 
the  message  is  also  canceled  and  both  servers  pass  in  a 
condition  Standby. 

This  process  of  block  transmission,  checking  and  repe¬ 
tition  of  transmissions  of  the  deformed  blocks  happens 
automatically,  it  is  imperceptible  for  an  operator. 

After  transmission  of  the  message  in  one  direction  the 
servers  can  interchange  their  roles  and  the  transmission 
will  be  carried  out  in  the  opposite  direction. 

The  given  condition  is  characterized  by  the  following 
features: 

•  correct  message  passing  practically  is  guaranteed, 
if  only  the  connection  is  generally  possible; 

•  the  connection  is  possible  only  between  two  serv¬ 
ers; 

•  tlie  guard  from  unauthorized  reception  of  a  telex  is 
ensured; 

•  the  driven  server  should  use  tlie  transmitter. 

The  condition  FEC  (Forward  Error  Correction)  is  a 
condition  without  a  demand  of  retransmission.  The 
transmitting  station  transmits  the  message  with  a  recur¬ 
ring  of  each  numeral  twice,  with  temporal  gap  through 
four  positions.  The  interval  between  duplicates  of  the 
same  numeral  makes  280  ms  at  a  transfer  rate  of  100 
bauds.  The  receiving  station  checks  up  each  numeral  on 
the  relation  equality  to  3/4,  if  this  relation  is  withstand 
even  for  one  from  two  numerals  the  adopted  numeral  is 
printed  out  and  the  relation  3/4  is  not  withstand  for 
both  numerals,  instead  of  it  the  asterisk  is  printed. 
Thus,  in  a  condition  FEC  only  tlie  error  detection  is 
practically  ensured. 

The  condition  FEC  is  characterized  by  the  following 
features 

•  the  message  is  addressed  simultaneously  to  all 
servers,  which  can  accept  it; 

•  the  accepting  server  works  with  the  switched  off 
transmitter; 

•  the  confirmation  in  reception  of  the  message  is 
absent; 

•  there  is  no  active  error-checking; 

•  there  is  no  guard  from  unpermitted  reception  of  the 
messages. 

Under  the  condition  FEC  the  transmission  of  one  con¬ 
crete  server  (selective  call  -  SEL/FEC)  is  possible  by 
transmission  of  a  telex  code  of  the  accepting  server. 
Only  server  having  such  telex  code  receives  the  mes¬ 
sage.  All  other  servers  will  ignore  it. 


As  a  rule  the  FEC  condition  is  used  for  circular  trans¬ 
missions  to  all  seivers  and  is  an  ideal  condition  for 
transmission  of  an  information  to  courts  which  cost  in 
ports  having  no  possibilities  to  work  in  transmission. 

There  are  two  possible  basics  in  radio  telex  in  essence 
of  various  mode  of  transmission,  namely: 

•  base  band  signaling  in  real  time  (Direct); 

•  transmission  with  intennediate  storage  on  the  coast 
server  (Store  and  forward,  Mail). 

At  base  band  transmitting  of  signals  each  numeral  of 
the  text  at  once  is  received  by  the  recipient  and  is 
printed  out.  The  base  band  transmitting  of  signals  is 
carried  out  both  for  the  condition  /kRQ  and  for  the 
condition  FEC.  At  intermediate  storage  the  message  at 
first  is  completely  transmitted  to  the  coast  server  and 
then  to  final  abonent  (subscriber). 

Through  the  38  Rules  of  a  radio  communication  for 
each  ship  station  working  under  the  NBDP  condition 
the  five-digit  number  of  a  selective  call  or  nine-digit 
identifier  of  a  marine  mobile  service  (MMSI)  in  the 
correspondence  with  Application  43  PP  are  appropri¬ 
ated.  For  each  coast  station  working  in  a  NBDP  condition 
four-digit  identification  number  or  nine-digit  identifier  of  a 
marine  mobile  service  (MMSI)  in  die  correspondence  with 
Application  43  PP  are  appropriated. 

To  be  convinced,  that  the  calling  server  has  incorpo¬ 
rated  with  the  required  coast  serx'er,  ship  station  or 
subscriber  of  a  coast  telex  web  on  installation  of  a  radio 
telex  line  the  procedure  of  interchanging  by  auto  an¬ 
swering  is  provided.  The  auto  answering  of  the  ship 
server  includes: 

•  telex  number  of  selective  call; 

•  call  sign  signal  of  ship  radio  station; 

•  the  English  letter  'X',  indicating,  that  the  server  is 
the  marine  mobile  one. 

Example  of  auto  answering  of  the  ship  server:  53248 
UEUAX. 

The  auto  answering  of  the  telex  abonent  of  a  coast  web 
includes: 

•  telex  number  of  the  subscriber; 

•  short  word  or  group  of  the  letters  companies,  des¬ 
ignating  a  title; 

•  continuant  of  country  (English  letter/letters). 

Example  of  auto  answering  of  the  telex  subscriber  of  a 
coast  web: 

69789  SPRAD  DK  (S.P.Radio  corporation,  Denmark). 

The  installation  of  connection  with  use  of  conventional 
ground  communication  facilities  including  in  a  MF/HF 
range  begins  with  call  on  a  DSC  system  (digital  selec¬ 
tive  call). 
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ABSTRACT 

The  aim  of  the  paper  is  to  discuss  the  modem  ap¬ 
proaches  to  the  problem  of  electromagnetic  field  exci¬ 
tation  efTicicncy  improvement  for  operating  chambers 
used  for  microwave  industrial  and  agricultural  applica¬ 
tions. 

Problems  of  microwave  excitation  optimization  are 
divided  into  two  classes:  optimisation  under  require¬ 
ments  for  electromagnetic  field  intensity  and  in  accor¬ 
dance  with  the  different  kind  requirements  for  the  tem¬ 
perature  field  distribution.  Optimization  problems 
accordingly  to  these  two  classes  are  formulated  and 
calculation  methods  are  discussed. 

INTRODUCTION 

Recently  the  progress  in  the  area  of  microwave  indus¬ 
trial  and  agricultural  application  is  closely  approaching 
to  the  problem  of  efficient  microwave  radiators  devel¬ 
opment.  The  principle  consideration  in  microwave 
radiators  design  is  to  establish  the  electromagnetic  or 
heat  fields  of  the  certain  characteristics  within  the  con¬ 
fines  of  the  treated  substance. 

Typically  a  microwave  radiator  is  made  as  a  closed  or 
semi-open  partially  filled  resonator  of  different  form 
whose  dimensions  are  of  the  order  of  tens  of  the  wave¬ 
length  excited  by  some  radiator.  Electromagnetic  field 
inside  such  a  resonator,  being  a  result  of  modes  com¬ 
bining  launched  by  the  used  exciter,  is  substantially 
non-unifonn. 

The  promising  idea  is  to  use  a  multi-element  resonator 
excitation  with  the  aim  to  improve  the  field  intensity 
distribution  within  the  treated  media.  On  the  other 
hand,  a  theory  of  antenna  array  pattern  synthesis  has 
attained  a  high  level  of  perfection  by  now.  Advances  in 
array  synthesis  thcoiy  and  practice  have  led  to  a  wider 
adoption  of  obtained  results  to  allied  applications.  The 
objectives  of  this  paper  are  different  approaches  for 
microwave  radiators  optimization  based  on  array  syn- 
tliesis  methods. 

PROBLEMS  OF  EXCITATION  OPTIMIZATION 

Problems  of  microwave  devices  excitation  optimization 
can  be  divided  into  two  classes.  Problems  of  optimiza¬ 
tion  under  requirements  for  electromagnetic  field  inten¬ 


sity  can  be  classified  within  the  E-class  .III.  For  this 
cases  the  optimization  problem  can  be  formulated  as 
finding  the  elements  location  (  r„  )  and  excitation 

Un  =Un  >'exp  (jTn), 

n  =  1-N  under  some  requirements  for  the  certain  elec¬ 
tromagnetic  field  intensity  Eg(R)  within  some  part 
(VJ  of  the  internal  volume  of  the  microwave  resonator: 

a(U]  . .  .Un,  ?! . . r)  ->Eg(R),  (1) 

Re  Vg 

where  A  is  the  direct  problem  operator  describing  the 
excitation-fied  intensity  distribution,  R  are  the  coordi¬ 
nates  and  N  is  a  number  of  exciters. 

The  problem  of  excitation  optimization  in  accordance 
with  the  different  kinds  of  requirements  for  the  tem¬ 
perature  field  distribution  can  be  classified  within  T- 
class.  The  first  type  (T,)  of  them  consists  in  finding  the 
excitation  which  minimizes  the  deviation  of  the  steady- 
state  temperature  field  from  the  certain  temperature 
distribution  within  the  treated  media  Tg(R): 

b(Ui  ...UN»h---rN’E)->Tg(R)  (2) 

ReVg 

where  B  is  the  direct  problem  operator  describing  the 
excitation-temperature  steady-state  field  distribution. 

The  second  type  problem  (T2)  consists  in  finding  the 
excitation  parameters  as  a  function  of  time  which 
minimizes  the  duration  of  transition  to  a  steady-state 
tempierature  distribution: 

t-_  ->  niin  (3) 

U{tir 

under  the  conditions  of  the  certain  temperature  distri¬ 
bution  and  limited  input  power 

lini  BCUi.-.U^Ji-rN^R-TgCR)  <ai  (4) 
t->00  il 

max  maxi  Ujj  (t)|  2a2  (5) 

n  t 
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where  ai  and  a2  are  the  specified  known  values. 

Further  we  shall  deal  with  solutions  of  the  E-class 
problems. 


SOLUTION  OF  THE  MICROWAVE  RADIATOR 
OPTIMIZATION  PROBLEMS 

The  E-class  synthesis  problem  statement  in  the  form  (1) 
seems  being  analogous  with  the  array  synthesis  by  a 
certain  amplitude  pattern.  However,  the  E-class  prob¬ 
lems  have  some  sufficient  features  .  The  first  of  them  is 
a  form  of  the  direct  problem  operator,  which  describes 
the  electromagnetic  field  within  some  resonator  unlike 
far  zone  field  for  conventional  array  synthesis.  Thus  the 
expressions  for  the  electromagnetic  field  are  much 
more  complicated.  Moreover,  the  field  intensity  for  the 
most  cases  can  be  calculated  only  numerically.  This 
circumstance  excludes  any  analytical  approach  appli¬ 
cation. 

In  the  second,  unlike  the  conventional  array  synthesis 
problem  we  deal  with  absolute  values  of  the  field  inten¬ 
sity.  Consequently,  the  model  of  resulted  field  should 
describe  the  absolute  field  strength  excited  by  a  certain 
source. 

In  the  third,  the  resulted  pattern  always  is  essentially  a 
linear  sum  of  partial  patterns  for  conventional  array 
synthesis.  The  expression  for  the  solution  of  the  direct 
problem  for  microwave  radiator  may  have  one  of  three 
forms  in  accordance  to  the  type  of  oscillators  used  for 
elements  excitation:  either  coherent  or  non-coherent  or 
mixed  one. 

The  coherent  excitation  corresponds  to  the  case  where 
one  powerful  oscillator  is  used  and  its  microwave  en¬ 
ergy  is  shared  by  the  exciters  according  to  some  rela¬ 
tion  (Uj  ...Un  ).  The  operator  A  is  denoted  as 


(6) 


where  En  (R,  r„ )  is  the  electrical  field  corresponding  to 
the  n-tli  element  by  unity  excitation. 

Non-coherent  excitation  corresponds  to  the  case  when 
we  use  a  number  of  oscillators  each  of  which  is  con¬ 
nected  with  the  only  one  exciter 

2 

A(U)  =  ANc(U)  =  Z|u/|EjR,r„]|  (7) 


The  mixed-type  excitation  means  that  several  (Ng)  non¬ 
coherent  oscillators  are  used.  Each  of  the  oscillators  is 
connected  with  some  group  of  elements  exited  as  co¬ 
herent  radiators: 


A(U)  =  Am(U)=  z 

k=l 


Nk  .  _ 

^  ^nk^nv^’ 

n=l 


(8) 


where  Nk  is  element's  number  within  the  n-th  group, 

Nki  ,2 

=fk  <«) 

1 

where  Pg  is  the  k-th  oscillator  output  power. 

Note  that  the  equation  (6)  is  an  analogue  to  the  con¬ 
ventional  array  syntliesis  direct  operator's  form.  As  for 
the  expressions  (7)  and  (8),  there  are  no  analogy  with 
the  expressions  used  in  array  synthesis  theory. 

PROBLEM  SOLUTION 

There  are  two  key  aspects  of  the  E-class  problem  solu¬ 
tion:  the  functions  E„(r,1^)  finding  and  excitation 
conditions  definition.  For  the  common  case  the  problem 
of  En  finding  have  not  been  well  studied  yet.  An 
exdremal  complexity  of  tliis  problem  makes  impossible 
to  use  some  universal  algorithms  for  resonators  of  an 
arbitrary  shape.  For  particular  cases  a  number  of  ap¬ 
proaches  can  be  successfully  used  including  approaches 
which  have  been  reported  by  the  authors  recently  III. 

It  is  of  no  use  to  try  to  find  analytical  solutions  for  the 
excitation  conditions  detennination.  The  most  prospec¬ 
tive  way  is  to  reduce  the  synthesis  problems  (1)  -  (3)  to 
the  form  of  some  minimization  (maximization)  prob¬ 
lem: 

Q(A(u,R,rjj))->  min  (max)  (10) 

where  Q  is  some  criteria  corresponding  to  the  definite 
requirements  for  field  intensity,  deviation  from  the 
given  value  for  example. 

We  have  the  least  difficulties  for  the  case  of  in-coherent 
excitation  under  the  given  elements  location  because  of 
tliat  the  problem  operator  is  linear  witli  respect  to  the 
values  Un.  For  tliis  case  we  have  the  unique  solution 
which  can  be  successfully  found  by  linear  programming 
algorithms. 

Problems  in  the  form  (6)  and  (8)  under  the  given  ele¬ 
ments  location  cause  much  more  difficulties  as  the 
criteria  (10)  can  not  garantee  the  unique  solution  find¬ 
ing.  It  is  necessary  to  use  some  efficient  procedures  for 
the  global  extremum  calculation. 

The  worst  cases  are  when  we  try  to  find  elements  loca¬ 
tion  as  well  as  excitation.  These  problems  also  forced 
one  to  use  some  efficient  numerical  algorithms;  do  not 
garantee  tlie  global  extremum  definition.  Besides,  die 
corresponding  calculations  are  exremelly  clumsy  be¬ 
cause  of  continously  changing  the  values  En(R,^). 
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ILLUSTRATIONS 

As  an  illustration  wc  present  the  optimization  problem 
solutions  for  Ujc  field  intensity  uniformity  improvement 
within  a  partially  filled  rectaugular  resonator.  It  is 
shown  that  tlic  mentioned  above  values  can  be  substan¬ 
tially  improved  by  using  the  optimized  multi-element 
excitation.  Fig.  1  shows  the  fields  distribution  within  the 
half  filled  rectangular  chamber  (  400x300x300  mm, 
the  frequency  -  2.45  GHz,  W  =  IkW,  e  =  2.3,  a  =  8 
mSm).  Fig.  1  corresponds  to  one- 


Nonoptimized 


Fig.  1 


Optimized 


elements  excitation  where  the  exciting  slot  is  located  at 
the  centre  of  the  upper  wall.  Fig.  2  illustrates  a  usage  of 
the  multi-element  incoherent  excitation  (N  =  8).  Fig.  3 
shows  optimized  elements  positions  and  supplied 
power. 


Slot 

Supplied 
power,  W 

1 

100 

2 

150 

3 

150 

4 

100 

5 

200 

6 

50 

7 

50 

8 

200 

Optimized  excitation 


Fig,  3 
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ABSTRACT 

The  problem  of  multielement  excitation  of  exposed-type 
microwave  equipment  is  studied.  Optimization  problem 
is  formulated  as  amplitudes,  phases  and  elements  loca¬ 
tion  definition  to  maximize  the  special  efficiency  crite¬ 
ria.  Both  coherent  and  noncoherent  multielement  exci¬ 
tation  are  considered.  Substantial  improvement  of 
microwave  field  excitation  can  be  achieved  by  proposed 
approach.  A  number  of  particular  optimization  proce¬ 
dures  advantageous  for  practical  use  is  presented. 


INTRODUCTION 

A  number  of  cases  such  as  soil  disinfection,  concrete 
slabs  destruction,  hypertennia  and  others  are  classified 
among  applications  realized  by  exposed-type  micro- 
wave  equipment.  So  long  as  energy  radiation  is 
shielded  partly  or  not  shielded  from  surroundings  for 
those  cases,  it  is  rather  important  to  concentrate  the 
electromagnetic  energy  efficiently  within  the  given 
volume.  On  the  other  hand  the  field  uniformity  within 
tlie  treating  area  are  of  great  importance  for  quality  of 
processing  product.  Presented  paper  seeks  to  review 
recent  development  have  been  carried  out  by  Research 


Small  focused  area 


Coherent  excitation 


a)  Field  distribution  b)  Optimized  phase  distribution  (phase  optimization) 


c)  Optimized  amplitude  distribution 
(amplitude  optimization) 


d)  Optimized  amplitude  distribution 
(amplitude  and  phase  optimization) 


Fig.  1 
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Center  for  Applied  Electrodynamics  of  Kazan  State 
Technical  University  in  the  area  of  improA'emcnt  an 
electromagnetic  field  excitation  by  using  of  modified 
focused  arrays  methods. 

Small  focused  area 

Noncoherent  excitation 


0  2  4  6  8  10  12  14  16  18  20 


Distance  from  boundary  of  semiconductor  media,  cm 


Fig.  2 


used  for  microwave  applications  correspond  to  Fresnel 
zone  and  propagate  into  substantially  absorbed  media. 
So  the  direct  operator  as  well  as  the  optimization  crite¬ 
ria  for  the  optimization  problem  are  rather  specific. 

Extended  focused  area,  optimization 
according  to  criteria  (1) 

Coherent  excitation 


Dstance  of  optimization,  cm 
a)  Field  distribution 


MULTIELEMENT  EXCITATION 

Multielement  electromagnetic  field  excitation  is  more 
efficient  as  against  monoexcitation  realized  by  alone 
radiator  (applicator).  The  two  principle  excitation  types 
are  studied:  multielement  coherent  and  noncoherent 
manner  one.  The  only  powerful  oscillator  connected 
with  radiators  by  some  distribution  circuit  is  trade  off 
for  tlic  first  of  them.  Noncoherent  excitation  means  a 
number  of  relatively  weak  oscillators  combined  with 
the  separate  applicators  are  utilized.  For  excitation 
efficiency  improvement  both  of  the  methods  mentioned 
above  are  prospective. 

OPTIMIZATION  PROBLEM 

Consider  some  criteria  with  reference  to  a  exposed-tjpe 
microwave  equipment.  The  two  criteria  may  be  ad¬ 
vanced: 

energy  efficiency  criteria 

max  , 

and  energy  uniformity  criteria 

\w)  (2) 

For  the  most  common  case  we  formulate  the  optimiza¬ 
tion  problem  as  elements  amplitudes,  phases  and  dis¬ 
placement  definition  to  maximize  the  criteria  (1)  or  (2) 
value.  Thus  the  problem  of  multielement  excitation 
optimization  for  microwave  application  is  analogous 
with  that  of  antenna  array  synthesis.  However  unlike  a 
conventional  array  synthesis,  the  electromagnetic  fields 
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b)Optimized  amplitude  distribution 


Fig.  3 


Extended  focused  area,  optimization 
according  to  criteria  (1) 

Noncoherent  excitation 
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Fig.  4 
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Also  a  number  of  particular  optimization  problems  are 
of  interest  for  practical  use.  Phase,  amplitude  or  ge¬ 
ometry  optimization  as  well  as  amplitude  or  geometry 
optimization  for  noncoherent  case  can  be  noted  among 
them.  Here,  the  objective  is  two  fold:  to  chose  the  intel¬ 
ligent  algorithms  and  to  estimate  effects  achieved  by 
optimization  under  typical  conditions. 

SOLUTION  AND  NUMERICAL  RESULTS 

Formulated  optimization  problems  are  polyextremai 
predominantly.  For  numerical  solution  positive  calcu¬ 
lation  methods  are  used  for  the  global  extreme  finding. 
For  this  study  we  applied  the  modified  Gauss-Seidel 
method.  For  a  number  of  noncoherent  excitation  prob¬ 
lems  linear  programming  was  also  used. 

Extended  focused  area,  optimization 
according  to  criteria  (2) 

Coherent  excitation 


D»llirtMd  ftwHud*  MIEuMn 


Fig.  5 


Multielement  exciter  consists  of  N  (N  =  19)  radiators 
located  at  one  line  on  the  plane  boundary'  separating  air 
and  infinite  semiconductor  media  (for  f  =  2.45  GHz,  a 
=  11.8  1/m,  p  =  121.7  1/m,  e'  =  6.0).  For  both  coherent 
and  noncoherent  cases  the  amplitude,  phase  and  ge¬ 
ometry  optimization  problems  are  solved  accordingly  to 
criteria  (1)  and  (2).  The  first  of  them  corresponds  to  the 


case  of  a  small  focused  area  (sizes  <?i.fi),  the  second  one 
to  the  extended  area  (sizes>A.jy)  [1].  Substantial  im¬ 
provement  of  the  excitation  efficiency  have  been  estab¬ 
lished  by  calculations.  The  field  concentrating  within 
the  certain  area  can  be  greatly  increased.  So  for  the 
case  of  the  small  focused  area  the  value  of  criteria  (1) 
can  be  improved  toward  12  dB  for  tlie  coherent  excita¬ 
tion  with  optimized  geometry  of  array.  For  the  extended 
area  tlie  criteria  (2)  value  increases  toward  0.25. ..7.5 
dB  in  comparison  with  uniform  exited  uniformly 
spaced  array  both  for  the  coherent  and  noncoherent 
cases  [2].  Fig.  1-6  illustrate  these  results  (the  distance 
from  boundary  of  semiconductor  media  to  focused  area 
is  equal  10  cm). 

Extended  focused  area,  optimization 
according  to  criteria  (2) 

Noncoherent  excitation 


CONCLUSION 

Substantial  improvement  of  exposed-type  microwave 
installations  efficiency  by  optimized  multielement  ex¬ 
citation  can  be  achieved.  For  a  number  of  cases  par¬ 
ticular  optimization  methods  are  also  expedient  for 
practical  use. 
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At  the  moment  a  power  saving  for  power-intensive 
production  processes  is  very  actual  in  Ukraine.  The 
microwave  technologies  known  from  [1-5]  pennit  to 
reduce  time  of  dielectric  heating  to  a  specified  tem¬ 
perature  and  to  achieve  power  consumption  saving  in 
2-3  times.  However,  an  application  of  only  microwave 
energy  to  dry  dielectrics  is  not  effective  enough  [1],  and 
thus,  the  technologies  combining  various  types  of 
power  actions  [5,  6]  to  dry  dielectrics  arc  used. 

Thus  the  present  paper  is  devoted  to  a  tlieoretical  back¬ 
grounds  of  modified  microwave  technologj'  of  dielectric 
drying  which  presents  a  combination  of  two  types  of 
power  action  towards  dielectric  being  exposed  simulta¬ 
neously,  namely:  microwaves  and  hot  air  flow  of  speci¬ 
fied  temperature  and  humidity  according  to  [1-5].  Here 
a  process  of  dielectric-adsorbent  (silica  gel)  performed 
in  a  specially  designed  cylindric  adsorber  shown  in 
Fig.  1  is  considered. 


Fig.  1.  A  cross-section  of  the  cylindric 
microwave  adsorber 


The  microwave  field  in  cylindric  microrvave  adsorber  is 
excited  by  cylindric  antenna  array  formed  of  rectangu¬ 
lar  strips  of  waveguides  with  dimensions  45  x  90  mm 
placed  on  a  line  tangent  to  a  generator  of  the  outer 
cylinder  —  housing  K  of  the  adsorber,  and  is  directed 
inside  the  microwave  adsorber  towards  cylinders  with 
slotted  side  walls  P  and  M  among  which  silica  gel  is 
placed. 


The  hot  air  flow  is  directed  from  inner  cylinder  M 
inside  silica  gel  volume  bounded  by  the  cylinder  P,  and 
as  a  result,  temperature  fields  of  dielectric  heating  by 
microwaves  and  hot  air  flow  are  directed  towards  each 
other  allowing  an  acceleration  of  dielectric  heating  and 
a  required  water  withdrawal  due  to  a  simultaneous 
unifonn  heating  of  the  whole  dielectric  volume  [1-5]. 
In  this  event  the  unifonn  heating  of  the  dielectric  is 
ensured  by  high  homogeneity  of  the  electric  field  in 
microwave  adsorber  as  a  result  a  cylindric  array  of 
radiators,  in  a  form  of  half-wave  slots,  placed  in  a  dis¬ 
tance  not  exceeding  microwave  generator  wavelength 
[1-6]  has  been  used. 

It  is  necessary  to  note  that  the  dielectric  (silica  gel) 
uniform  heating  is  provided  taking  into  account  the  fact 
that  the  silica  gel  properties  depend  on  its  humidity  and 
temperature,  and  are  subject  to  a  sufficient  variation 
under  microwave  heating  [1-5]. 

Investigating  the  structure  of  the  microwave  field  in  a 
transversal  cross-section  of  the  adsorber  it  has  been 
ascertained  that  for  specified  dimensions  of  microwave 
adsorber  the  required  irregularity  of  electric  field  be¬ 
tween  cylinders  P  and  M  can  be  calculated  according  to 
[1-6].  The  calculations  have  been  carried  out  by  geo¬ 
metrical  optics  method  [6]  (method  of  divergent  and 
convergent  rays)  for  the  microwave  adsorber  shown  in 
Fig.  1.  To  calculate  the  required  parameters  the  geo¬ 
metrical  construction  presented  in  Fig.  2  have  to  be 
carried  out. 


Fig.  2.  A  ray  path  in  the  microwave  adsorber 

Fig.  2  shows  the  path  of  a  ray  out  coming  from  the 
radiating  point  A  of  one  of  the  waveguide  strips  and 
being  incident  in  the  point  B  on  tire  surface  P  in  region 
of  silica  gel  volume  limited  by  dimensions  r]<r  <  r2. 
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The  complex  amplitude  of  the  electric  field  in  any  point 
of  silica  gel  volume  is  determined  as  [1-6] 

xe  ^0  ,  (1) 

where  ^uCcp)  and  «I)((p)  —  amplitude  and  phase  of  a 
wave  transmitted  through  dielectric;  /i(cp)  —  function 
describing  a  variation  of  field  amplitude  due  to  a  bun¬ 
dle  of  rays  narrowing  or  envddening;  e*  and  tgS^  — 
silica  gel  parameters. 

According  to  [  1-6] 

^trCcp)  =  Eint  (cp)  +  £ref  (Cp)>  (2) 

where  £me  (cp)  and  £'r<f  (9)  —  electric  field  amplitudes  of 
incident  and  reflected  wave  in  the  point  B 

(3) 

V''0 

where  E(Q)  —  radiation  pattern  (RP)  of  a  slotted  ra¬ 
diator; 


The  non-uniformity  of  silica  gel  heating  can  be  im¬ 
proved  by  warming  up  the  adsorber  silica  gel  by  hot  air 
flow  directed  radially  from  the  cylinder  M  to  cylinder  P 
between  which  silica  gel  is  placed.  It  is  necessary  to 
note  that  hot  air  flow  is  not  only  heating  silica  gel,  but 
with  drawing  moisture  from  silica  gel  surface  as  well 
[1-5]. 


0  0.25  0.5  0.07  1.0 


Fig.  3.  A  dependence  of  electric  field  normalized 
intensity  vs  azimuth 


A=- 


1  PK. 


GA 


2nH 


where  pw  —  wave  resistance  of  free  space;  P  —  power 
of  microwave  generator  at  waveguide  input;  H  — 
height  of  adsorber  cylinder;  /Tga  —  gain  of  slotted 
radiator; 


^  =)/(-r^  -r^  cosq))^-Kr2  +sin(p)^  i 
ry  sincp 

e((p)=arctg - • 

-r^  cosep 


£^ref(cp)  is  equal  to  [1-6] 


cos0i((p)-7^cos02(cp)  „ 
cos0i(cp)  +  V^cos02(cp) 


where  0i(cp)  =  0(cp)  +  nep; 

02  (cp)  =  arcsin^-^^-^- ;  d&((p)  =  ■ 

The  calculation  of  synchronous  and  asynchronous  ex¬ 
citation  of  the  waveguide  radiator  strips  has  been  car¬ 
ried  out.  For  the  synchronous  excitation  greater  irregu¬ 
larity  of  electric  field  has  been  observed  than  for 
asynchronous  one  [1-5].  This  pennits  to  create  more 
compact  adsorber  design  and  to  achieve  higher  electric 
field  uniformity  along  the  whole  silica  gel  volume  ex¬ 
cluding  those  regions  laying  near  an  outer  surface  of 
the  volume  ring  M.  This  leads  to  a  non-uniform  silica 
gel  heating  [1-5],  The  calculation  results  are  shown  in 
Fig.  3. 


The  variation  of  a  heat  flow  in  a  unit  of  cylindric  vol¬ 
ume  of  the  microwave  adsorber  for  microwave  radia¬ 
tion  directed  from  the  cylinder  K  through  the  cylinder  P 
towards  the  cylinder  M  is  detennined  as  [1-6] 


dt 


•/o 


tgS,  [deg 
Y,-C^[min 


(5) 


where  i?"  —  square  of  microwave  field  intensity;  fo  — 
operational  frequency  of  microwave  generator;  — 
silica  gel  density;  C5  —  silica  gel  specific  heat. 

The  variation  of  silica  gel  heating  temperature  due  to 
microwave  radiation  is  determined  as  [5] 


Ar  = 


A.\2m,C,  ’ 


(6) 


where  Pmw  —  microwave  power;  —  silica  gel  mass 
in  the  adsorber;  Q —  silica  gel  specific  heat. 

The  heat  flow  of  the  hot  air  being  blown  through  silica 
gel  in  the  microwave  adsorber  from  tlie  cylinder  M 
through  the  cylinder  P  towards  the  cylinder  K  is  deter¬ 
mined  as  [  1-5] 


e= 


T  -T 

JM 


OH\ 


i  +  ^ 

^in^l  i-i  ^i^im  ^out^n-1 


(7) 


where  and  Tom  —  inner  and  outer  temperatures  of  a 
conditional  volume  of  cylindric  ist  silica  gel  ring  be¬ 
tween  cylinders  M  and  P;  5,-  —  thickness  of  conditional 
/St  silica  gel  ring  between  cylinders  M  and  P;  X,-  — 
tliermal  conductivity  of  volume  1st  silica  gel  ring  be¬ 
tween  cylinders  M  and  P;  —  mean  design  square  of 
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tlie  surface  of  volume  /st  silica  gel  ring  between  cylin¬ 
ders  M  and  P;  F]  and  F„.,  —  design  squares  of  volume 
1st  and  (n  -  l)st  silica  gel  ring  between  cylinders  M 
and  P;  ai„  and  aout  —  coefficients  of  convective  heat 
transfer  in  tlie  Ist  silica  gel  volume  ring  between  cylin¬ 
ders  M  and  P  from  the  inner  wall  with  temperature 

towards  the  outer  one  with  temperature  T^ui. 

The  characteristic  feature  of  silica  gel  microwave 
heating  is  its  receptivity  to  microwave  field  due  to  its 
parameters  Sj  (permittivity)  and  tgbj  (the  loss  tangent  of 
a  dielectric)  which  are  equal  to  Ss  =  4,56-5.98  and 
tg83=  0.069-0.15  [1-5].  At  the  first  stage  of  the  micro- 
wave  heating  quick  processes  are  taken  place;  naturally 
silica  gel  heating  and  liquid  phase  transferring  into  a 
vapour  from  silica  gel  surface  due  to  a  thermo- 
barrodiffusion  process  [1-5].  At  the  second  stage  hot 
air  blowing  arouses  moisture  withdrawing  from  silica 
gel  surface  with  simultaneous  reducing  silica  gel  heat¬ 
ing  irregularity  and  lowing  silica  gel  heating  tempera¬ 
ture  permitting  the  adsorbent  properties  of  silica  gel  to 
be  preserved  [1-5]. 

The  calculated  dependencies  of  temperature  fields  in¬ 
side  microwave  adsorber  between  cylinders  M  and  P 
are  shown  in  Fig.  4. 


Fig.  4.  The  calculated  dependencies  of  silica  gel 
temperature  heating  in  the  microwave  adsorber 

The  presented  calculation  dependencies  of  silica  gel 
heating  temperatures  in  the  microwave  adsorber  permit 
to  determine  a  design  water  withdrawal  and  power 
savings  [1-5], 

CONCLUSION 

According  to  [1-5]  the  presented  microwave  technology 
of  silica  gel  drying  permits  the  5%  water  withdrawal 
from  silica  gel  with  weight  164  kg  to  be  carried  out. 
The  power  consumption  is  8-10  kWh  that  makes  it 
possible  the  power  saving  in  3  times  with  respect  to  the 
known  methods  [4,  5]  which  ensure  the  power  con¬ 


sumption  of  26.4  kW  h  for  the  same  water  withdrawal 

percentage. 
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ABOUT  ONE  WAY  TO  DECREASE  THE  DIRECTIVITY  OF  RECTENNA 
SPURIOUS  RADIATION 


V.  M.  Shokalo,  A.  A.  Konovaltsev,  Yu.  A.  Luchaninov 

Kharkov  State  Technical  University  of  Radio  Electronics 
Prospekt  Lenina  14,  Kharkov  310726,  Ukraine 
E-mail:  tea@kture.kharkov.iia 

One  of  the  promising  alternative  directions  of  modem 
energetics  development  is  the  creation  of  systems 
transmitting  power  by  a  focused  microwave  beam.  The 
terminal  of  such  a  system  is  the  rectenna  (antenna- 
rectifier)  that  receives  the  microwave  energy  and  con¬ 
verts  it  to  the  one  of  direct  current.  The  rectenna  is 
designed  as  the  antenna  array  of  a  number  of  receiving- 
rectifying  elements  (RREs).  Every  RRE  consists  of  an 
antenna  loaded  on  a  microwave  rectifier  with  Schottky 
barrier  diodes.  The  conversion  of  microwave  energy  in 
the  rectenna  is  of  non-linear  nature  and,  consequently, 
is  accompanied  by  tlie  radiation  at  high-order  harmonic 
frequencies  [1]. 

In  general,  the  power  radiated  by  the  rectenna  at  liigh- 
order  harmonic  frequencies  is  very  small  in  comparison 
with  the  microwave  beam  energy  incoming  on  its  ap¬ 
erture.  However,  in  some  directions  the  rectenna  like  a 
phased  antenna  anay  is  capable  to  produce  the  spurious 
radiation  of  a  large  intensity,  and  this  causes  the  prob¬ 
lem  of  the  rectenna  electromagnetic  compatibility. 

The  decrease  of  the  recteima  spurious  radiation  direc¬ 
tivity  can  be  achieved  by  means  of  dephasing  the  RREs 
in  any  known  way  at  the  harmonic  frequencies.  For 
example,  it  can  be  realized  by  changing  in  a  random 
manner  the  parameters  of  elements  in  RRE  low-pass 
filters  or  by  displacing  the  rectrenna  modules  relatively 
each  other,  etc.  The  common  shortcoming  of  the  men¬ 
tioned  above  ways  is  the  complication  of  a  rectenna 
design. 

The  paper  presents  the  results  of  investigation  of  the 
possibility  to  decrease  the  directivity  of  a  large  rectenna 
array  spurious  radiation  by  a  rather  simple  technique. 
The  essence  of  the  technique  consists  in  achieving  at 
the  frequencies  of  high-order  harmonics  the  anti¬ 
phased  excitation  of  neighboring  rectenna  modules  or 
lines  of  RREs  in  one  module.  The  technical  imple¬ 
mentation  of  the  technique  does  not  entail  the  compli¬ 
cation  of  rectenna  module  design.  For  example,  at  the 
frequencies  of  high-order  harmonics  the  anti-phased 
excitation  of  the  receiving-rectifying  elements  in 
neighboring  lines  in  a  rectenna  module  can  be  acliieved 
by  changing  the  direction  of  diodes  connection  in  RREs 
to  the  opposite  one  (case  b  on  Fig.  1)  relatively  to  tlie 
case  of  phased  excitation  (Fig  1,  a). 

Preliminary  the  effect  of  decrease  of  the  rectenna  spuri¬ 
ous  radiation  directivity  that  could  be  achieved  with  tlie 


proposed  technique  has  been  investigated  analytically. 
As  an  initial  model  for  the  simulation  the  arbitrarily 
shaped  flat  periodical  rectenna  array  with  the  triangular 
grid  has  been  chosen. 

The  field  of  the  spurious  radiation  can  be  found  from 
the  current  distribution  over  the  surfaces  of  RRE  anten¬ 
nas  at  high-order  harmonics  frequencies.  The  rigorous 
way  of  stating  the  task  of  this  distribution  calculation 
requires  to  solve  tlie  boundary  value  problem  taking 
into  account  the  non-linearity  of  rectifying  diode  char¬ 
acteristics.  However,  since  the  rectenna  is  a  large- 
aperture  one,  i.e.  it  has  the  large  electric  dimensions, 
the  solution  of  such  a  rigorous  boundary  value  problem 
is  hardly  feasible  nowadays  or  in  the  nearest  foreseeable 
future.  That  is  why  when  developing  the  method  of  the 
rectenna  spurious  radiation  calculation  such  simplifi¬ 
cations  w'ere  assumed: 

•  the  rectenna  is  free  of  edge  effects; 


•  all  RREs  have  the  same  parameters  that  they  would 
have  in  the  infinite  array. 


Fig.  1.  The  rectenna  module  design: 
a)  with  phased  excitation  of  lines  of  RRE; 
b)  with  anti-phased  lines  excitation 


Under  such  assumptions  the  method  of  calculation  of 
rectenna  energetic  parameters  stated  in  [2]  can  be  ap¬ 
plied.  The  first  stage  of  this  method  includes  the  cal¬ 
culation  of  RRE  antennas  electromagnetic  characteris¬ 
tics  by  the  moments  method.  This  calculation  is  carried 
out  for  the  basic  frequency  as  well  as  for  the  frequen¬ 
cies  of  high-order  harmonics.  The  currents  distribution 
over  the  RRE  antennas  surface  at  higher  harmonics 
frequencies  is  approximated  by  the  system  of  piecewise 
sine  basis  functions: 

M 

7{^)  =  X/„(^),  (1) 

n=l 
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where  M  is  the  number  of  basis  functions  by  whidi  the 
currents  distribution  o\'cr  the  RRE  antennas  surface  is 
approximated;  7„(^)  is  the  basis  piecewise  sine  func¬ 
tion  defined  in  two  neighboring  sections  of  the  antenna 
as  follows: 

=  (2) 

In  (2)  /i„  ,  Ijn  are  the  lengths  of  the  first  and  second 
sections  of  the  antenna  wire  where  the  n  -th  basis 
function  is  defined;  |j„ ,  vectors  de¬ 

scribing  the  direction  of  the  appropriate  sections  and  £ 
is  the  coordinate  of  their  connection;  k  =  InlXj  is  the 
wave  number  of  the  i  -th  harmonic;  /„  is  an  amplitude 
coefficient  of  the  n  -the  basis  function. 

The  second  stage  of  the  rectenna  energetic  parameters 
calculations  [2]  includes  the  developed  in  the  theory  of 
antennas  with  non-linear  elements  [3]  procedure  of 
computation  of  the  currents  flowing  through  the  recti¬ 
fying  diodes  at  a  basic  frequency.  Moreover,  the  cur¬ 
rents  at  high-order  hannonics  frequencies  fonued  as  a 
result  of  tlie  rectification  process  are  also  computed. 
Thus,  after  this  procedure  completion  the  amplitude- 
phase  distribution  of  the  currents  at  harmonics  frequen¬ 
cies  over  the  rectenna  aperture  becomes  known.  This 
distribution  determines  the  values  of  the  currents  basis 
functions  amplitude  coefficients  /„  in  (2). 


In  (3)  and  (4)  Pq  is  the  radius  vector,  drawn  from  the 
origin  of  coordinates  to  the  point  of  connection  of  two 
sections  on  which  the  current  basis  function  is  defined; 
P  is  the  unit  vector  in  direction  to  the  point  of  supervi¬ 
sion;  r  is  a  distance  up  to  the  point  of  supervision; 
cos  Y] ,  cos  72 ,  cos  73  are  the  directing  cosines  of  the 

unit  vector  £  . 

The  screen  presence  was  taken  into  account  by  intro¬ 
duction  of  mirror  images  of  the  current  functions, 
whose  fields  were  calculated  with  account  of  distinc¬ 
tions  in  their  phases  and  locations. 

Finally,  the  field  of  the  complete  current  basis  function 
with  a  number  n  can  be  expressed  by 

^Qn  =  -Eq„2-  E'<dn\  +  ^9«2  | 

~  ^(p«l  ~  ^ifn]  '*'^(pn2  J 

Here  the  sign  (')  marks  the  fields  of  the  mirror  images 
of  the  first  and  second  sections  of  the  basis  function. 

Further,  applying  the  principle  of  fields  superposition  it 
is  not  difficult  to  find  the  field  radiated  by  the  /  -th 
receiving-rectifying  rectenna  element 

n=\ 

and  then  to  find  the  total  field  of  the  rectenna  spurious 
radiation: 


With  the  method  [2]  the  rectenna  spurious  radiation 
field  can  be  found  in  the  following  sequence.  Initially 
the  field  created  by  the  n  -th  current  basis  function  is 
calculated.  Then  the  field  radiated  by  one  RRE  is  de¬ 
termined  by  the  coefficients  1„  known  from  the  solu¬ 
tion  of  the  rectenna  excitation  problem.  The  sum  of  all 
RRE  fields  gives  us  the  resulting  rectenna  field  at  a 
chosen  frequency  of  spurious  radiation. 

Generally  the  field  of  one  half  of  the  current  basis 
function  defined  by  (2)  for  m=\  or  m  -  2  can  be  ex¬ 
pressed  as: 


sin(W,„„)  r 

-cost/,,,, 

(cosYi  cos0coscp  +  cos72  cos  9  sin  cp- cos  73  sin0), 
I?  a  y30/  g  ^jkfor  ^ 


^<p(g0,cp)=-^— 
sin(W,„J  r 


X  (cos  7 1  sin  cp  -  cos  72  cos  cp). 


/=! 


where  N  is  the  number  of  RREs  in  the  rectenna. 

The  described  above  calculation  procedure  had  been 
used  for  the  numerical  investigation  of  the  spurious 
radiation  patterns  of  the  rectenna  array  consisting  of 
nine  identical  modules  (one  of  such  modules  is  pre¬ 
sented  in  Fig.  1)  and  containing  144  RREs  with  loop 
vibrators.  It  was  assumed  tliat  the  rectenna  aperture  is 
excited  by  the  field  with  the  uniform  amplitude  distri¬ 
bution. 

Fig.  2  shows  the  computed  radiation  patterns  at  the 
second  and  third  hannonics  frequencies.  The  curve  1 
corresponds  to  the  “traditional”  case  when  the  antennas 
of  RREs  are  excited  in  phase  at  the  hannonics  frequen¬ 
cies.  The  rectenna  radiation  pattern  for  the  case  of  the 
anti-phased  excitation  at  higher  hannonics  frequencies 
is  presented  by  the  curve  2,  and  the  curve  3  meets  the 
case  of  the  anti-phased  excitation  of  lines  in  the  rec¬ 
tenna  modules.  It  can  be  concluded  from  the  compari¬ 
son  of  the  calculated  radiation  patterns  that: 

•  for  the  considered  144-element  rectenna  the  anti¬ 
phased  excitation  of  modules  at  the  second  and 
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third  harmonics  frequencies  enables  to  decrease  the 
maximum  spurious  radiation  level  only  by  9.5  dB; 

•  the  more  substantial  decrease  of  the  rectenna  di¬ 
rectivity  at  higher  harmonic  frequencies  is  ob¬ 
served  in  the  case  of  anti-phased  excitation  of  the 
neighboring  lines  in  every  modules  (up  to  -40  ...  - 
43  dB). 


F(31o) 


F(2fo) 


Fig.  2.  The  rectenna  radiation  patterns  on  the  second 
and  third  harmonics  frequencies 

The  effect  of  the  spurious  radiation  directivity  decrease 
in  the  case  of  anti-phased  diode  connection  in  neigh¬ 
boring  lines  of  the  rectenna  modules  (Fig.  1,  b)  has 
been  confirmed  experimentally  as  well.  With  this  pur¬ 
pose  the  measurements  of  the  harmonics  radiation 
levels  of  the  modules  with  anti-phased  and  phased 
diode  connection  has  been  carried  out.  The  structure  of 
the  experimental  set-up  is  shown  in  Fig.  3. 


Fig.  3.  Structure  of  the  experimental  set-up 


The  measurements  has  been  implemented  in  the  une- 
choic  chamber  1.  The  investigated  rectenna  module  2 
had  the  optimal  direct  current  load  resistance 
Rl  =  Riopt  ■  The  incident  microwave  beam  was  formed 

by  the  transmitting  reflector  antenna  with  the  radius  of 


0.45  m.  The  magnetron  generator  4  with  the  power 
supply  unit  5  functioned  as  the  powerfiil  microwave 
source  with  w'orking  frequency  of  2.45  GHz.  The  mag¬ 
nitudes  of  spectral  components  were  measured  with  the 
help  of  die  spectrum  analyzer  7  with  tlie  remote  sensor  6. 

The  main  difficulty  in  measurements  implementation 
was  that  magnetron  generator  4  had  a  rather  significant 
level  of  o\vn  high-order  hannonics.  In  view  of  this  only 
the  relative  level  of  the  module  higher  order  harmonics 
witli  respect  to  the  level  of  generator  harmonics  had 
been  measured.  The  results  of  these  measurements  are 
given  in  Table  1. 


Table  1 

Results  of  the  rectenna  modules  spurious  radiation 
measurements 


Har¬ 

monic 

number 

Harmonics  level,  dB 

From 

gen¬ 

erator 

Diode  connection  in  a 
module 

The  level 
decrease 

phased 

anti¬ 

phased 

1 

0 

0 

0 

2 

-32.5 

-26.3 

-31,0 

4.7 

3 

-52.3 

-43.4 

-52.3 

>8.9 

The  measurements  results  given  in  Table  1  testily  that 
the  use  of  the  principle  of  anti-phased  diodes  excitation 
at  higher  order  hannonics  frequencies  only  in  one 
module  with  16  RREs  enables  to  obtain  an  appreciable 
decrease  of  the  second  and  third  harmonics  radiation 
(4.7  dB  and  more  than  8.9  dB,  respectively). 

CONCLUSIONS 

In  the  paper  tlie  rather  simple  technique  to  decrease  the 
spurious  radiation  directivity  of  a  rectenna  array  is 
proposed.  The  principle  of  the  technique  consists  in 
creation  of  such  conditions  when  the  neighboring  rec¬ 
tenna  modules  or  neighboring  lines  of  RREs  in  a  mod¬ 
ule  are  excited  anti-phasely  at  higher  harmonics  fre¬ 
quencies.  The  proposed  technique  efficiency  in  tlie 
decrease  of  the  spurious  rectenna  radiation  have  been 
shown  by  results  of  numerical  and  experimental  inves¬ 
tigations. 
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Systems  of  wireless  power  transmission  by  a  microwave 
beam  are  prospective  for  remote  energy  supply  of  air 
and  space  flying  vehicles,  for  transportation  of  the 
generated  in  space  electric  energy  to  the  Earth,  for 
wireless  power  transmission  between  on-ground  points 
and  for  a  number  of  other  applications.  For  liigh  effi¬ 
ciency  of  energy  transmission  to  be  achieved  it  is  neces¬ 
sary  to  provide  the  optimal  aperture  illumination  of  a 
transmitting  antenna  as  well  as  a  co-a.\ial  arrangement 
and  a  polarization  matching  of  transmitting  and  re¬ 
ceiving  antennas.  However  in  practice,  especially  in 
cases  when  power  transmission  is  organized  between 
objects  moving  relatively  each  other,  the  co-axial  ar¬ 
rangement  of  the  antennas,  as  a  rule,  is  disturbed. 
Therefore  it  is  quite  urgent  to  create  a  mathematical 
model  of  the  wireless  power  transmission  system  that 
could  lake  into  account  a  dislocation  of  the  transmitting 
and  receiving  antennas  from  the  co-axial  arrangement 
and  allow  to  analyze  and  optimize  the  system  with  a 
sufficient  accuracy  at  various  values  of  system  parame¬ 
ters. 


Consider  a  system  of  power  transmission  by  a  micro- 
wave  beam  (Fig.  1)  that  consists  of  the  circular  trans¬ 
mitting  and  the  square  receiving  antennas  whose  aper¬ 
tures  are  in  parallel  planes.  The  antennas  are  matched 
on  polarization,  but  can  be  arranged  non-axially.  The 
field  polarization  is  linear. 


The  electric  field  of  the  transmitting  antenna  on  the 
plane  of  the  receiving  antenna  situated  in  the  Freshnel 
zone  is  described  by  the  known  expression: 


Mp^Q) 


-CIS, 


(1) 


where  r{P,Q)  is  a  distance  between  a  point  P{x',y',o) 
on  the  transmitting  antenna  aperture  and  a  point 
y,D)  on  the  receiving  antenna  aperture;  D  is  a 
distance  between  the  planes  of  the  transmitting  and 
receiving  antenna  apertures. 

When  assuming  that  the  transmitting  antenna  illumi¬ 
nation  is  circularly  symmetrical,  the  expression  (1)  is 
reduced  to 


E(x,y,D)  ■■ 


D 


X  jE(u)e  ^2/3 


0 


D 


(2) 


udu 


where  w  is  a  radial  coordinate  on  the  plane  of  trans¬ 
mitting  antenna  aperture;  j  is  tlte  imaginary  unit; 
k  =  2n/X  is  a  wave  number;  Rj  is  a  radius  of  the 
transmitting  antenna;  Jq  is  the  Bessel  function  of  the 
first  kind  of  zeroth  order. 


On  the  basis  of  (2)  it  is  possible  to  obtain  the  following 
expression  for  the  efficiency  of  power  interception  that 
is  introduced  as  a  ratio  of  the  power  incident  on  the 
receiving  aperture  to  the  power  radiated  by  the  trans¬ 
mitting  antenna: 


Tl  = 


^np  _  -R2-R2-^^o 

Pus  2nD" 


J  ^A^{x,y)lxdy 


^\E{u)fudu 


(3) 


j  E(u)e 


^  /  2  2  ^ 
k^Jx  +y  u 

udu 

D 

\ 
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where  R2  is  a  half  of  the  receiving  aperture  width;  Xq 
is  a  value  of  the  antennas  dislocation  from  the  co-axial 
arrangement. 


^  ^  ^  +  p)\ 


After  replacement  in  (3)  of  variables 


f  «  . 

u  = — u. 


X  = 


X 


Ro 


it  is  reduced  to: 


il  =  - 


1  \+b 

J  1 

-1-1+6 


a  .  ,2  /  I - 

jE(u')e~-'^  jJ  a-Jx'^  -i-y'^u'  ydu'\ 


dx'dy' 


•2 


^\E{:u’)fu’du' 


(4) 


^  \l<RyR2  .  ^  ^  Ri 

where  a  =  ,| — is  a  wave  parameter;  t  =  — 

\  D  2R2 

X 

b  =  — ^  is  the  relative  antennas  dislocation  from  the 
Ri 

co-axial  arrangement. 

As  it  can  be  seen  from  (4)  the  efficiency  of  power  inter¬ 
ception  is  a  fiinctional  of  the  amplitude-phase  distribu¬ 
tion  E{u)  and  depends  on  parameters  of  tlie  system  (a, 
b,  t),  which  include  the  operating  wavelength,  the  di¬ 
mensions  of  the  apertures  and  the  distance  between 
them,  and  the  value  of  the  antennas  dislocation. 

With  the  phase  distribution  of  the  transmitting  aperture 
excitation  field  providing  focusing  of  the  microwave 
beam  on  the  receiving  aperture,  the  efficiency  of  power 
interception  is  given  by: 


Tl  = 


27C 


1  1+6 

[a  ,  -  ,  1 

2 

J  f 

-1  -1+6 

I F’(m)Jo(  +y^u  \udu 

.0  ^  ^  _ 

dxdy 

a 

^F^(u)udu 

0 


.(5) 


Under  assumption  that  an  effect  of  superdirectivity  is 
ruled  out  the  amplitude  distribution  F{u)  of  the  trans¬ 
mitting  aperture  excitation  field  can  be  approximated 
with  the  polynomial  of  the  even  order: 

M 

F(u)  =  Y^^u^' ■  (6) 

;=0 


Expanding  the  Bessel  function  into  a  partial  sum  with 
N  members  and  integrating  (5)  it  can  be  obtained: 

r  1-1 


r\(a,b) 


2^ 

7t 


M  M 


(=0  y=o 


i  +  j  +  \ 


X 


m=0 


(1  +  _  (-1  + 
m\{k  +  p-m)\[2{k  +  p-m)  +  \]{2m  +  l) 


.(7) 


The  expression  (7)  allows  to  calculate  the  power  inter¬ 
ception  efficiency  with  given  coefficients  c,  in  (6)  and 
parameters  a  and  b .  This  expression  can  be  repre¬ 
sented  as  the  ratio  of  two  Hennil-square  forms: 

(GC,C) 

(HC,C)’ 

where  G  and  H  are  the  square  symmetric  matrices  of 
the  order  of  A/  +  1;  C  is  the  vector  of  tlie  order  of 
M  +  \,  whose  elements  are  the  coefficients  c, . 

The  elements  of  matrices  G  and  H  are  as  follows: 


)"  (p! )"  ('■+*+ DO' + p + D 

m\{k  +  p-m)\[2(Jc  +  p-m)  +  \]{2m-^l) 


The  maximum  value  of  q  is  equal  to  the  maximum 

eigenvalue  of  a  matrix  L  =  H~’G  and  tlie  eigenvector 
corresponding  to  the  eigenvalue  consists  of  the  expan¬ 
sion  coefficients  c,  of  the  optimal  amplitude  distribu¬ 
tion  (OAD)  in  (6)  [1].  The  accuracy  of  OAD  approxi¬ 
mation  depends  on  the  number  of  members  in  partial 
sum  (6).  However,  the  use  of  A/  >  3...4  does  not  yield 
any  noticeable  change  in  a  value  of  the  calculated  inter¬ 
ception  efficiency  q . 


The  results  of  computations  are  presented  in  Fig.  1  and 
Fig.  2.  It  is  seen  (Fig.  1)  that  at  dislocation  of  the  an¬ 
tennas  from  the  co-axial  arrangement  the  OAD  tends  to 
be  more  uniform.  When  the  relative  dislocation  is  less 
than  20%  the  interception  efficiency  decreases  slightly 
because  with  the  antennas  arranged  co-axially  the  mi¬ 
crowave  beam  is  focused  at  the  center  of  the  receiving 
aperture. 

Thus,  the  requirements  to  tlie  accuracy  of  the  micro- 
wave  beam  pointing  as  well  as  to  maintaining  the  co¬ 
axial  arrangement  of  the  transmitting  and  receiving 
antennas  are  not  veiy  strict.  When  the  dislocation  from 
the  co-axial  arrangement  is  rather  considerable  (for 
example  when  providing  the  power  supply  of  moving 
space  vehicles),  it  is  preferable  to  realize  the  illumina¬ 
tion  of  the  transmitting  antenna  with  the  amplitude 
distribution  corresponding  to  the  interception  efficiency 
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values  of  t]  =  60...80% .  This  enables  to  decrease  the 
influence  of  the  non-axial  arrangement  on  the  effi¬ 
ciency  of  the  wireless  power  transmission  system. 


1.  Shokalo  V.M.,  Rybalko  A.M.  Efficiency  of  the 
power  transmission  system  by  a  microwave  beam, 
Kharkov  Tech.  University  of  Radio  Electronics, 
Kharkov,  1995,  40p.,  Ref.  num.  856-Uk95  on 
13.04.1995  in  State  science-tech,  library  of 
Ukraine  {in  Russian], 
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PULSE  HIGH-POWER  ANTIBACTERIAL  IRRADIATOR 

S.  N.  Shostko,  L  S.  Shostko,  U.  F.  Lonin, 

V.  L  Chumacov,  U.  L.  Novoselov,  O.  S.  Shostko* 

Kharkov  Military  University,  6,  Svobody  sq.,  Kharkov,  Ukraine 
*Kharkov  State  University,  4,  Svobody  sq.,  Kharkov,  Ukraine 


The  results  of  antibacterial  irradiator  efficiency  re¬ 
search  are  adduced  in  this  paper.  The  "plasma  focus" 
formed  at  an  end  face  of  coaxial  plasma  accelerator  at 
the  discharge  in  an  atmosphere  is  a  source  of  powerful 
ultra-violet  radiation  in  this  irradiator. 

Nowadays  ultra-violet  (UV)  radiation  sources,  operat¬ 
ing,  as  a  rule,  in  a  continuous  mode  [1],  are  widely 
used  for  the  solving  the  problems  of  air,  liquids  and 
surfaces  disinfection.  It  is  possible  to  ensure  an  increase 
of  UV  radiation  influence  efficiency  on  microorganisms 
by  the  increase  of  radiation  power  density  on  tlie  proc- 
essable  surfaces.  UV  sources  of  continuous  action,  with 
limited  power  can  ensure  such  conditions  only  at  rather 
small  distances. 

In  this  connection,  the  pulse  sources  of  UV  radiation 
which  allow  to  receive  considerably  large  power  density 
on  processable  surfaces,  can  be  more  effective.  It  is 
possible  to  attribute  Xenon  pulse  discharge  lamps, 
widely  used  in  laser  engineering,  or  plasmodynamical 
lamps  [2]  to  such  sources. 

However,  the  presence  of  a  quartz  vessel  in  such  pulse 
UV  radiation  sources  limits  short-wave  part  (<  240  nm) 
of  antibacterial  radiation  spectrum. 

In  this  connection,  the  investigation  of  an  opportunity 
to  use  magnetic  plasma  compressor  (MFC)  as  a  source 
of  powerful  UV  radiation  has  been  carried  out.  MFC  is 
the  coaxial  plasma  accelerator  of  a  face  type  operating 
in  a  mode  of  plasma  autofocussing  (compression)  with 
the  own  azimuth  magnetic  field. 

The  irradiators  with  various  UV  radiation  power,  dis¬ 


tinguished  by  capacity  values  in  which  the  electrical 
energy  necessary  for  formation  of  “plasma  focus”  was 
accumulated,  were  created  to  research  UV  radiation 
power  influence  on  the  antibacterial  processing  effi¬ 
ciency.  In  table  1  the  basic  parameters  of  such  irradia¬ 
tors  are  given. 

It  should  be  noted  that  the  energy  estimate  in  antibacte¬ 
rial  band  0.2  -  0.3  pm  has  been  made  by  calculation, 
using  the  ratio  of  voltage  values  in  vacuum  photocell 
“F-29”  output  for  two  spectral  bands  (0.12  -  0.3  pm  and 
0.28  -  0.3  pm)  and  Plank  curves,  because  of  absence  of 
equipment  for  pulse  UV  radiation  energy  measurement. 
MFC  output  plasma  is  supposed  behave  as  an  abso¬ 
lutely  black  body. 

The  designed  models  of  antibacterial  irradiator  based 
on  MFC  have  been  used  for  medical  biological  investi¬ 
gations. 

Microorganisms  Staphylococcus  epidermis  have  been 
processed  by  UV  radiation.  The  results  of  such  acting 
have  been  compared  with  similar  acting  of  a  mercuiy 
lamp  “DRT-230”.  The  mercuiy  lamp  has  been  dis¬ 
tanced  on  0.2  m  and  1  m  from  irradiated  Petiy  caps 
with  microorganisms.  The  samples  of  irradiators  based 
on  MFC  with  condenser  capacity  C  =  200  pF  and 
600  pF  have  been  distanced  on  0.2  m. 

The  results  of  microbiological  analysis  are  shown  on 
the  diagram  of  ratio  Ncn/No  (Nfm  is  the  number  of  sur¬ 
vived  microorganisms.  No  -  the  early  number  of  micro¬ 
organisms)  dependence  upon  summeiy  irradiation  dose 
D  [J/m^]  in  the  band  of  0.22  -  0.28  pm  (Fig.  1). 


Table  1 


The  energy  store 
parameters 

C  =  200  pF 

U  =  3kV 

Wo  =  900  J 

C  =  300  pF 

U  =  3kV 

Wo  =  1350  J 

C  =  600  pF 

U=3kV 

Wo  =  2700  J 

Plasma  discharge 
parameters 

Idischarge  ~  100  "  120  KA 

T„,,^d  =  11200  K 

Idischarge  =  200  -  210  KA 

T„,  „d  =  12000  K 

Idischarge  =  220  -  250  KA  T  pi. 

,,d  =  12500  K 

Parameters 
of  radiation 

Wo.33.10=  112  J 
t=24  ps 

Wo.33.,,o=  229  J 
t=30  ps 

Wo,33  .io=  478  J 
x=40  ps 

W,,dr=  196  J 

W,,di=  432  J 

W,3di=  956  J 

Wo,2.,0,3~  46.1  J 

Po,2.o.3=2MW 
t1uv  =  Wo,2  ,o.3/ Wo  =  0.051 

Wo.2.,0,3=  109.1  J 

Po, 2  . 0.3  =3.6  MW 
t1uv=Wo,2.  0,3 /Wo  =  0.081 

Wo, 2  . 0,3=  248.6  J 
Po,2..o,3=  6.2  MW 

Tlav  =  Wo,2.,0.3/ Wo  =  0.092 
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Share  of  surviving  microorganisms, 
Nfin/No 


Fig.  1 


For  “DRT-230”  the  summery  irradiation  dose  has  been 
defined  as  product  of  radiation  time  and  UV  radiation 
power  density  in  the  band  of  0,22  -  0,28  pm  (has  been 
measured  by  band  spectroradiometer  “SRP-85”). 


The  increase  of  pulse  power  UV  radiation  as  it  has  been 
shown  leads  to  significant  reduction  of  necessary  ra¬ 
diation  dose,  time  of  disinfection  and  electric  energy 
consumption. 


The  summery  radiation  dose  for  irradiator  based  on 
MFC  has  been  defined  as  a  product  of  antibacterial 
radiation  pulse  energy  (in  the  band  of  0.22  -  0.28  pm) 
and  number  of  MFC  discharges. 

It  is  easy  to  define  that  the  change  of  necessary  dose  of 
radiation  D  depends  on  radiation  power  density  qp. 

The  necessary  radiation  dose  D  depending  on  radiation 
power  density  Qp  for  N/No  =  10'®  and  10'®  is  given  in 
Fig.  2. 


It  is  necessary  to  compare  UV  irradiator  based  on  MFC 
and  mercury  lamp  “DRT-230”.  The  distance  from  the 
processable  surface  is  H  =  0.2  m  and  disinfection  level 
is  Nfm/No  =  10  ®  (only  one  living  organism  left  out  of 
10®).  Such  values  Nfm/No  have  been  realized  in  our 
research. 

The  irradiator  allows  to  reduce  radiation  dose  by  10 
times  as  less,  processing  time  by  8  times,  and  con¬ 
sumption  of  electrical  energy  by  20  times  as  less. 

The  usage  of  MFC  as  a  UV  radiation  source  has  an 


Dose  of  antibacterial  radiation  (0,22.. 0.28pm) 
D,  J/m’ 


Fig.  2 
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additional  antibacterial  factor  such  as  formation  of 
ozone.  Ozone  content  after  20  MFC  discharges  for  C  = 
200  )j.F  is  0.2  mg/m^  . 

The  research  shows  that  creation  of  high  efficiency  and 
economic  antibacterial  irradiator  based  on  MFC  is 
possible.  It  can  be  used  for  solving  of  such  problems: 

•  air  disinfection; 

•  disinfection  of  grain  and  vegetable  storehouse; 

•  disinfection  of  packages  and  tanks  at  phannaceuti- 
cal  and  food-stuff  industry; 

•  processing  of  food-stuff  and  agricultural  products. 

In  conclusion  it  is  necessary  to  note  that  antibacterial 
processing  efficiency  can  be  increased  by  the  designing 
of  combined  UV  and  microwave  radiation  source.  It 
was  shown  tliat  simultaneous  action  of  pulse  UV  radia¬ 
tion  and  pulse  nanosec  microwave  radiation  at 
600  MHz  and  1200  MHz  allow  to  increase  the  effi¬ 
ciency  of  antibacterial  processing. 
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AN  INCREASE  OF  POWER  EFFICIENCY  OF  A  MICROWAVE  GENERATOR 
FOR  MICROWAVE  PROCESSING  OF  MATERIALS 

V.  I.  Vodotovka,  K.  N.  Gura,  F.  M.  Rcjja 

National  Technical  University  of  Ukraine, 

Department  of  Theoretical  Principles  of  Radio  Engineering 
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Now  microwave  energy  is  widely  used  for  technological 
purposes  -  drying  of  vegetables,  fruits,  preparation  of 
food,  welding  of  dielectric  materials,  etc.  The  broad 
spectrum  of  experimental  and  plant  installations  real¬ 
izing  microwaves  technological  processes  [1]  is  devel¬ 
oped.  Their  wider  spreading  is  stipulated  by  a  possibil¬ 
ity  of  deriving  high  quality  final  product  with  essential 
saving  of  power  consumption. 

To  derive  a  high  level  of  electromagnetic  field  intensity 
in  the  camera  of  technological  heating  the  cavity  reso¬ 
nators,  through  which  treated  materials  arc  transported, 
are  used.  However,  variable  character  of  resonator  load 
infringes  niatcliing  of  microwave  generator  with  cavity 
resonator,  reducing  power  saving  of  technological  device. 

The  following  methods  to  ensure  the  maximum  inten¬ 
sity  in  a  cavity  resonator  are  known  now: 

-  a  three  probes  system  to  measure  the  electrical  field 
heterogeneity  along  microwave  tract  and  its  alignment 
with  the  help  of  regulating  device,  for  example,  such  as 
step  drives  ensuring  [2]  step  by  step  immersing  of  a 
probe  in  a  w’aveguide,  achieving  required  compensatory 
phase  and  amplitude  for  a  reflected  wave; 

-  regulating  system  of  a  rotated  slice  transx'crsally  in¬ 
stalled  in  a  over-size  waveguide  of  the  U-cross-section 
to  align  phase  and  amplitude  of  reflected  wave  from 
cavity  resonator,  which  smoothly  realizes  compensation 
for  large  reflections; 

-  systems  of  three-probes  section  placed  on  a  distance 
of  X/2  from  each  other  with  three  probes  located  from 
each  other  on  a  distance  of  X/6  and  being  immersed  in 
a  waveguide  by  means  of  a  controlling  drives  [3]; 

-  using  as  the  detector  of  a  reflected  w'ave  a  galvano- 
magnetic  converter,  analog  signal  of  which,  is  used  for 
operation  of  executive  compensator)'  device. 

These  devices  are  not  only  tlie  equalizers  of  the 
matching  load  and  generator,  but  also  seiv'e  to  protect  a 
high  power  microwave  generator  from  overloads. 

Fig.  1  represents  the  block  diagram  of  system  of  auto¬ 
matic  frequency  control  (AFC)  of  microw'avc  generator 
on  resonance  frequency'  of  cavity  resonator  promoting  a 
maximum  microwave  power  take  ofT  for  technological 
purposes,  realizing  advantages  of  power  saving. 

The  AFC  system  contains  a  microwave  generator  1 
with  the  block  of  frequency  control  2,  to  the  output  of 


which  through  the  first  quadrature  phase  shifter  3  the 
balance  modulators  of  co-phase  4  and  quadrature  5 
signals  are  connected.  The  outputs  of  modulators  are 
connected  to  arms  of  double  waveguide  T-junction  6, 
one  outputs  of  which  through  a  circulator  7  is  con¬ 
nected  to  cavity  resonator  8,  containing  a  load  9  and  a 
balance  mixer  10,  the  second  input  of  which  is  con¬ 
nected  to  the  second  output  of  double  waveguide  T- 
junction  6.  To  the  output  of  the  balance  mixer  10  joint 
selective  amplifier  11,  peak  detector  12,  low  frequency 
amplifier  13,  phase  detector  14  and  integrator  15, 
which  output  is  connected  to  the  block  2  of  frequency 
control  of  the  microwave  generator  1  are  connected  in 
series.  The  low  frequency  generator  16  through  the 
second  quadrature  phase  shifter  /7  is  connected  to  the 
biport  switch  18,  controlling  input  of  which  is  con¬ 
nected  to  an  output  of  the  generator  16  through  a  fre¬ 
quency  divider  19.  The  outputs  of  the  biport  switch  18 
are  connected  to  controlling  inputs  of  balance  modula¬ 
tors  of  co-phase  4  and  quadrature  5  signals,  and  the 
controlling  input  of  the  phase  detector  14  is  connected 
to  an  output  of  frequency  divider  19. 

The  operation  of  the  AFC  system  is  as  follows. 

A  microwave  signal  t7i(/)  =  (/„,icos(coi  +  (p)  is  modula¬ 
ted  on  amplitude  by  a  low  frequency  hannonic  signal 
U2  (t)  =  (/„,2  cos(Q/  +  S) .  Simultaneously  microwave 

signal  is  shifted  on  phase  on  90°  (73(0  =  (7, ,,3 . 
•sin(cor  +  S) ,  and  modulated  on  amplitude  by  shifted 
on  90°  low  frequency  signal  (74(0  =  (7,„4Sin(Q/  +  &). 

The  low  frequency  is  selected  equal  to  an  approxi¬ 
mately  half  of  passband  Am  of  the  loaded  cavity  reso¬ 
nator,  that  is  Q  w  Aco  /  2  . 

So  two  amplitude-modulated  signals  are  derived 

(/j  =  (/„|cos((D(‘  -t-cpi)  +  yCOsK®  +n)/  -t-cp +  0]| ,  (1) 

w'here  U,„  -  voltage  of  carrier  oscillations;  m  -  factor  of 
depth  of  peak  modulation. 

The  component  of  difference  frequency  coi=©-Q 
with  phase  cpi  =  cp  -  S  represents  a  signal  of  the  lower 
side  band  frequency  of  a  resonator  on  characteristic 
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frequency  coq  =  (o  and  component  of  sum  frequency' 
O2=(o+f;i  and  phase  cp2=cp  +  S  -  signal  of  the 
upper  side  band  frequency.  The  modulated  signals  (1) 
and  (2)  are  being  summarized  and  subtracted  each 
other.  As  a  result  the  signals  with  suppressed  one  of  the 
side  frequencies  are  derived 

C/7  (0  =  U'^  [cos(cot  +  93)  +  Y cos(o)  1  /  +  9i )] ,  (3) 

C/gCO  =  U"^  [cos(rot  +  CP4)  +  y cos(co2/  +  92 )]  -  (4) 

where  amplitudes  of  carrier  oscillations 

voltages;  93 ,  94  -  initial  phases  of  carrier  oscillations. 


If 


Fig.  1.  A  block  diagram  of  the  system  of  automatic 
frequency  control 


The  depth  of  peak  modulation  of  microwave  oscilla¬ 
tions  is  chosen  in  limits  of  m  -  0.05... 0.1,  in  this  case 
the  main  power  of  microwave  signal  is  concentrated  in 
carrier  oscillations  of  frequency  co  . 

At  first  the  cavity  resonator  is  being  excited  by  sum 
signal  (3),  and  reflected  signal  is  being  selected 

C/9  (0  =  [pcos(«f  -(-93+A93)  + 


+  pj  “^cosfojt  +  9i  ^9i )] ' 


where  p ,  pi  -  modules  of  reflectivity  for  frequencies  q 
and  ffli  conespondingly;  A9j,A93-  additional  phase 
shifts  of  signals  for  their  reflection  from  cavity  resona¬ 
tor  frequencies  CO  and  ©j  correspondingly. 


The  reflectivity  module  depends  on  cavity  resonator 
mistuning  on  frequency  ©  and  ©1 


where  po  -  reflectivity  for  a  resonance  ( ©  =  ©q  ); 
c3  =  2gA©/©o  and  Aa  =  ©-ooQ  -  generalized  and 
absolute  cavity  resonator  mistuning  on  frequency  ©1 ; 
Q  -  quality  factor  of  a  cavity  resonator; 
c7j  =2gA©|/©o  and  A©i  =fflj  -©q-  generalized  and 
absolute  cavity  resonator  mistuning  on  frequency  ®] . 

Further  the  microwave  signal  (5)  reflected  from  the 
cavity  resonator  is  mixed  with  the  difference  signal  (4), 
and  from  resulting  signal  low  frequency  oscillations  of 
the  double  modulation  frequency  are  selected 

C/jo  =  5'i/4-pirjw[/^f/^cos(2f2/  +  95),  (7) 

where  Si  -  performance  rate  of  change  of  the  mixer;  Ki 
-  factor  of  filtration  by  low  frequency  selective  ampli¬ 
fier;  95  -  resulting  phase  of  low  frequency  signal. 

Then  the  low-frequency  signal  (7)  is  detected  and  its 
voltage  is  measured 

U^l=S^S2/4-piK^mU„u"„,  (8) 

where  S2  -  transfonnation  rate  of  change  of  the  peak 
detector. 

Then  cavity  resonator  is  excited  by  the  difference  signal 
(4),  and  the  reflected  signal  is  selected 

t/12  =  t/l[pcos(©t+  9,+A94)  + 

+  p  2  —  cos(©  2 1  +  9  4  +  A9  4 )] ,  (9) 

2 

where  pi,  P2  -  reflectivity  on  frequencies  and  ©2 
correspondingly;  A92 ,  A94  -  additional  phase  shifts 
for  the  reflections  on  frequencies  ©  and  ©2  corre¬ 
spondingly.  The  reflectivity  for  frequency  ©2  is 


\/4  +  (l  +  Po)  ^21 


where  02  =  22A©2/©o  ^nd  A©2  =  ©2  generali¬ 
zed  and  absolute  of  cavity  resonator  mistuning  on  fre¬ 
quency  ©2  .  Further  the  microwave  signal  (9)  reflected 
from  the  cavity  resonator  is  mixed  sum  signal  (3),  and 
from  resulting  signal  low  frequency  oscillations  of 
double  modulation  frequency  are  selected 

UiT^  =  Si/4-p2K^mU'„iU"„fiOsi2Q/  +  (f^)  ,  (11) 

where  95  =  92-91 +  A92-  resulting  phase  of  low 
frequency  signal.  Low  frequency  signal  (11)  is  detected, 
and  its  voltage  is  measured 

t/i4  =S,S2/4-p2^i/«t/>'i,.  (12) 

Voltages  of  the  low  frequency  signals  (8)  and  (12)  are 
compared,  and  a  difference  signal  is  formed 
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U^^=S^S2lA.K^K^mUJJ^{p^  -p^),  (13) 

where  K2  -  conversion  (amplification)  coefficient  of 
resonance  signal. 

Changing  the  microwave  generator  frequency  by  differ¬ 
ence  signal  up  to  the  equality  of  voltages  (8)  and  (12) 
being  compared  is  reached,  that  is  achieved  for  the 
equality  reflectivities  on  side  frequencies  P]  =p2,  or 
taking  account  cavity  resonators  reflectivities  (6)  and 
(10)  on  frequencies  toj  and  C02 ,  we  obtain 

■^/^Po +(l  +  Po)^Q'l^  -<[^91 + 

^4  +  (1  +^Q)^af  ■\/4^1 +Po)^«2l 

From  (14)  it  follows  that  the  absolute  values  of  gener¬ 
alized  mistiming  are  equal  to  |  aj  |  =  |  «2  I  o*" 

|ffil -o-»oh|«2 (15) 

As  the  side  frequencies  (o>iand  012)  are  changed  syn¬ 
chronously  with  a  changing  of  the  microwave  generator 
frequencj',  the  last  equality  is  satisfied  under  condition 
ffigl  =  |co  +  Q-©ol.  i  o-  when  the  frequency  of 
microwave  generator  co  coincides  with  characteristic 
frequency  of  cavity  resonator  cog  . 

Thus,  frequency  of  microwave  generator  unequivocally 
follows  the  characteristic  frequency  of  cavity  resonator 
according  to  equality  of  products  of  t\\'o  side  frequen¬ 
cies  microwaves  signals,  in  wliich  one  of  the  signals  is 
a  reflected  one  from  cavity  resonator  of  one  side  fre¬ 
quency,  the  other  -  is  a  symmetrical  one  on  frequency 
of  the  other  side  frequency.  The  inconstancy  of  absolute 
values  of  loaded  cavity  resonator  reflectivities  pi  and 
P2 ,  and  as  well  as  inequality  of  amplitudes  of  mixed 

signals  and  ul,  instability  of  mix  (SI)  and  de¬ 
tecting  (S2)  performances  and  filtration  factor  (Kl)  do 
not  influence  to  microwave  generator  tuning  accuracy 
because  the  mentioned  signals  alternately  are  being 
processed  by  the  same  channel  and  amplifier. 

The  device  operates  as  follows. 

The  microwave  signal  of  the  generator  i  is  divided  by 
90°  direct  coupler  3  into  two  quadrature  signals.  Simi¬ 
larly  low  frequency  signal  of  tlie  generator  16  is  divided 
by  splitter  17  into  two  quadrature-modulating  signals. 
In  modulators  4  and  5  the  peak  modulation  of  micro- 
wave  signals  shifted  on  phase  90°  by  low  frequency 
signals  shifted,  in  its  turn,  also  on  90°  are  carried  out. 
As  a  result  of  summing  of  tlie  modulated  microwave 
signals  in  the  double  waveguide  T-junction  6  signals 
with  suppressed  one-side  frequencies  will  be  derived. 
At  one  of  the  outputs  of  waveguide  T-Junction  6  sum 
signal  with  the  lower  side  frequency  will  be  derived, 
and  at  the  other  one  -  difference  signal  with  the  upper 


side  frequency.  The  microwave  signal  modulated  by 
such  way,  with  one  suppressed  side  frequency  excites 
cavity  resonator  8  with  load  9.  Reflected  microwave 
signal  selected  by  circulator  7  is  mixed  up  in  the  bal¬ 
ance  mixer  (BM)  70  by  microwave  signal  in  which 
signal  of  other  side  frequency  is  suppressed. 

With  the  help  of  automatic  switch  18,  periodically,  with 
a  frequency  of  output  voltage  of  frequency  divider  (FD) 
19  the  mutual  substitution  of  modulating  signals  on  the 
controlling  inputs  of  modulators  4  and  5  is  taken  place. 
The  mutual  substitution  of  sum  and  difference  micro- 
wave  signals  at  the  outputs  of  double  waveguide  T- 
junction  6  is  occurred.  As  a  results  at  FD  output  the 
packages  of  low  frequency  oscillations  of  the  double 
modulation  frequency  will  be  derived,  which  ampli¬ 
tudes  are  proportional  to  reflectivity  of  cavity  resonator 
8  on  different  side  frequencies.  The  packages  of  low 
frequency  oscillations  are  selected  and  amplified  by  the 
selective  amplifier  11,  adjusted  on  the  double  f  modu¬ 
lation  frequency.  A  series  of  oscillation  packages  with 
different  amplitudes  are  detected  by  the  peak  detector 
12.  The  low  frequency  voltage  with  switching  fre¬ 
quency  of  the  switch  18  is  amplified  by  the  low  fre¬ 
quency  amplifier  13  and  is  compared  on  a  phase  with 
output  voltage  FD  79  by  phase  detector  14. 

Depending  on  a  sign  of  cavity  resonator  8  mistuning 
the  envelope  phase  of  the  modulated  signal  selected  by 
the  selective  amplifier  77  is  changed.  Therefore  the 
polarity  of  output  voltage  of  FD14,  charging  the  inte¬ 
grator  15,  is  detennined  by  a  sign  of  the  loaded  cavity 
resonator  mistuning.  The  output  voltage  of  the  inte¬ 
grator  influences  to  the  frequency  device  controlling  2 
of  the  microwave  generator  7. 

As  the  frequency  of  the  generator  7  coincides  with  the 
characteristic  frequency  of  cavity  resonator  8  (for  ex¬ 
ample,  resonance  chamber  for  microwave  heating)  the 
peak  modulation  in  signal  of  double  frequency  modula¬ 
tion  is  disappeared,  and  the  charge  of  the  integrator  15 
by  the  voltage  of  this  or  that  polarity  is  stopped,  maxi¬ 
mum  microwave  power  take  off  from  microwave  gen¬ 
erator  for  file  technological  purposes  is  ensured.  For 
example,  for  microwave  drying  of  fruits  on  average 
frequency  2.45  GHz  with  automatic  frequency  control 
the  duration  of  process  and,  therefore,  power  savings 
were  reduced  in  2.7  times. 
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INTRODUCTION 

Now  our  daily  life  is  characterized  by  wide  application 
of  modem  means  of  telecommunications.  First  of  all 
satellite  television  and  mobile  communication  means, 
including  cellular  ones,  must  be  mentioned.  The  feature 
of  this  means  is  a  wide  usage  of  microwave  electro¬ 
magnetic  waves  especially  of  the  range  11-12  GHz, 
which  has  elements  with  properties  and  construction 
distinct  from  more  low  frequencies  ones  in  many  re¬ 
spects.  First  of  all,  this  fact  concerns  antenna  devices. 
The  pointed  circumstances  stipulate  necessity  of  per¬ 
fection  of  training  the  students  of  radiophysical  spe¬ 
cialty  in  the  microwave  antenna  engineering.  The 
learning  of  antenna  engineering  can  not  be  restricted  by 
only  lecture  course  and  requires  such  educational  com¬ 
ponent  as  a  laboratory  experimental  work.  This  situa¬ 
tion  is  coursed  by  the  following  fact  that  the  theoretical 
approaches  allow  only  common  tendencies  of  antenna 
devices  behavior  to  be  considered,  but  the  problems  of 
their  practical  tuning  and  application  require  experi¬ 
mental  skills.  In  the  paper  the  review  of  the  contents  of 
laboratory  exercises  with  microwave  antcrmas  which 
have  received  implantation  in  educational  process  at  a 
chair  of  microwave  physics  of  Dnepropetrovsk  State 
University  is  displayed. 

LABORATORY  EXERCISES  DESCRIPTION 

The  laboratory  practical  work  contains  the  following 
components  under  investigation;  horn  antennas,  open- 
ended  rectangular  and  circular  waveguides,  horn  an- 
termas  with  lenses,  dielectric  rod  antennas,  linear  an¬ 
tenna  arrays,  reflector  antennas,  slotted  waveguide 
antennas,  transformers  for  matching  of  feeders.  Total 
amount  of  a  laboratory  practical  work  makes  36  hours. 

The  first  laboratory  task  is  devoted  to  problems  of  study 
of  both  parameters  and  characteristics  of  antennas  and 
methods  of  their  measurements,  requirements  to  an¬ 
tenna  range,  calculation  of  electromagnetic  interference 
of  reflections  from  range  obstacles  in  geometrical  optics 
approximation  and  optimal  choice  of  antenna  positions 
with  the  purpose  of  antetma  range  reflections  influence 
reduction,  estimation  of  a  far-field  region.  The  students 
should  perform  the  relevant  estimates  for  each  concrete 
type  of  antennas  under  test.  Such  estimates  form  the 
basis  for  interpreting  results  of  laboratory  experimental 
results  since  the  laboratory'  antenna  range  does  not 
satisfy  completely  to  all  requirements  for  all  types  of 


antennas  under  test.  The  choice  of  a  source  antenna,  its 
polarization  in  accordance  with  the  type  of  the  antetma 
imder  test  is  very  important.  The  pyramidal  horn  an¬ 
tenna  P6-23A  was  used  as  a  source  antenna.  The  meas¬ 
uring  bench  is  founded  on  a  scalar  network  analyzer 
R2-54,  hasung  microwave  coaxial  output.  Traditionally, 
the  scalar  network  analyzer  has  two  directional  cou¬ 
plers.  The  signal  from  the  fundamental  output  of  the 
directional  coupler  for  an  incident  wave  moves  to  the 
source  antenna.  The  signal  received  by  a  receiving 
antenna  under  test  is  detected  with  tlie  help  of  a  detec¬ 
tor  waveguide  section,  the  signal  from  which  output  on 
a  low  frequency  cable  moves  to  the  second  input  of  the 
analyzer,  thus  the  second  directional  coupler  is  not 
used.  It  has  allowed  to  boost  processing  signal  power. 
The  useful  effect  reaches  due  to  low  frequency  modula¬ 
tion  of  microwave  signal  and  usage  of  a  synchronous 
detection  in  analyzer. 

Studying  an  open-ended  waveguide  is  represented  by 
measurements  of  antenna  pattern  for  a  standard  rectan¬ 
gular  open-ended  waveguide  with  cross-section  23x10 
mm  with  a  flange  and  without  a  flange.  Supplementary 
to  traditional  antennas  an  open-ended  waveguide  with 
additional  scatter  in  the  form  of  vertical  vibrator  are 
considered.  The  open-ended  waveguide  is  used  as  a 
power  gain  standard.  A  particular  interest  represents 
comparison  of  antenna  patterns  of  open-ended 
waveguide  and  F^-sectorial  horn,  for  their  sizes  in  the 
relevant  plane  are  identical.  The  study  of  the  open- 
ended  waveguide  with  additional  scatter  is  basis  for 
study  of  a  linear  antenna  array,  since  the  antenna  of 
that  type  is  a  feeding  antenna  for  array.  The  necessity 
of  experimental  study  of  the  open-ended  waveguide 
with  a  flange  and  without  a  flange  is  stipulated  by  the 
application  of  tliis  antenna  in  probing  of  dielectric 
structures.  The  antenna  without  a  flange  is  more  typi¬ 
cal,  however  the  open-ended  waveguide  with  a  flange 
ensures  more  short  synthesized  time  pulses  without 
additional  oscillations  apart  from  the  main  peak. 

The  set  of  horn  antennas  consists  of  a  ^sectorial  horn 
with  section  of  feed  waveguide  of  23x10  mm  and  the 
set  of  H-sectorial  horns  with  the  dimensions 
200x40x200  (horn  1),  200x23x375  (horn  2), 

200x23x545  (horn  3),  260x10x310  (horn  4)  mm.  The 
presence  of  such  number  of  horns  allows  one  to  test  a 
requirement  for  optimal  horn  length  by  calculating  and 
experimental  way. 
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On  the  basis  of  horn  antennas  (1)  -  (4)  a  study  of  lens 
antennas  is  performed.  The  horn  antenna  (4)  has  two 
lenses  of  two  t>pes:  dielectric  and  metal-plate.  It  allows 
ones  to  compare  variation  of  directivity,  width  of  a 
main  beam  antenna  pattern  and  gain  of  antennas.  For 
the  antennas  (2),  (3)  there  is  a  dielectric  lens,  and  for 
the  antenna  (1)  -  a  metal-plate  one  with  an  additional 
metal  plate  in  a  //-plane.  It  allows  students  to  study 
experimentally  an  influence  of  a  polarization  of  elec¬ 
tromagnetic  wave  reflection  against  orientation  of  a 
metal  plate  and  necessity  of  reduction  of  vertical  di¬ 
mensions  of  a  cell  with  the  purpose  of  preventing  origi¬ 
nating  of  parasitic  wave  types.  For  horn  antennas  with 
lenses  matching  becomes  very  important,  therefore 
measurements  of  reflectivity  against  frequency'  and 
choice  of  optimum  frequencies  must  be  performed.  The 
calculation  task  is  to  detennine  the  geometrical  profile 
of  dielectric  and  metal-plate  lenses. 

The  dielectric  rod  antennas  are  represented  by  antennas 
on  the  basis  of  a  circular  waveguide  with  radius  equals 
to  25  mm.  The  length  of  a  dielectric  rod  was  75  mm 
and  radius  of  the  least  section  was  8  mm.  The  special 
interest  represents  measurement  of  antenna  pattern 
with  consequent  calculation  directivity  factor  and  com¬ 
parison  of  calculated  value  with  a  value  obtained  ac¬ 
cording  to 

£>  =  33000 

where  0^  and  0^  are  the  width  of  main  beam  at  3  dB 
level  in  two  orthogonal  planes  (in  degrees).  The  con¬ 
siderable  notice  is  given  to  testing  a  linear  antenna 
array,  which  consists  of  nine  open-ended  w'aveguides. 
A  sliding  short-circuit  plunger  is  disposed  in  each  of 
waveguides.  The  construction  provides  a  presence  of 
relevant  holders  for  each  of  the  plungers.  The  open- 
ended  waveguide  with  scatter,  having  very  wide  an¬ 
tenna  pattern,  is  used  as  a  feeding  antenna.  Thus,  there 
is  a  reflective  array  with  supply  of  an  optical  type.  The 
students  should  calculate  positions  of  plungers  in  each 
of  the  waveguides  to  scan  of  tlie  main  beam  on  a  given 
angle.  The  calculation  of  a  position  of  the  plungers  is 
carried  out  for  several  distances  of  the  feed  antenna  up 
to  tlie  aperture  plane.  Thus  the  students  should  watch 
the  profile  of  the  plungers,  which  is  close  to  parabolic. 
For  observation  and  installation  of  plungers  the 
waveguides  have  longitudinal  slots  and  rulers.  The 
evolution  of  the  profile  of  plungers  allows  students  to 
make  the  conclusion  about  displacement  of  a  feed  an¬ 
tenna  from  focus  of  a  reflector  antenna  to  provide  of  a 
main  beam  orientation  in  a  desirable  direction,  which  is 
distinct  from  normal  to  the  aperture  plane.  Students  can 
watch  the  decreasing  gain  and  growing  of  the  main 
beam  width  with  increasing  of  scanning  angle.  The 
pointed  effect  is  easily  watched  on  a  background  of  side 
lobes  of  the  array  stipulated  by  immediate  direct  recep¬ 
tion  by  a  feed  antenna.  The  calculated  and  experimen¬ 
tal  task  can  be  complicated  by  displacement  of  the  feed 


antenna  from  center  of  the  array.  Students  examine 
experimentally  also  antenna  pattern  versa  variation  of 
distance  between  the  feed  antenna  and  tlie  aperture 
plane  with  the  purpose  of  a  choice  of  optimum  distance. 

A  development  of  a  satellite  television  and  microwave 
relay  communication  lines  requires  study  of  reflector 
antennas.  The  paraboloid  w'ith  a  focal  distance  13.8  see 
is  used.  A  feed  antenna  is  //-sectorial  horn.  This  an¬ 
tenna  is  investigated  under  an  electromagnetic  radia¬ 
tion  of  both  polarizations.  The  focal  distance  is  calcu¬ 
lated  by  students  due  geometrical  measurements  of  the 
antenna  sizes.  The  experimental  tasks  are  measure¬ 
ments  of  antenna  pattern  and  gain  if  feed  antenna  dis¬ 
places  from  focus.  For  extremely  small  distance  be¬ 
tween  the  feed  antenna  and  reflector  the  width  of  a 
main  beam  antenna  pattern  increases  and  beam  splits 
itself.  For  distances  more  than  focus  one  the  reduction 
gain  is  displayed.  Further  subject  of  measurements  of 
antenna  pattern  is  measurements  under  displacement  of 
the  feed  antenna  from  focus  in  the  side.  Thus  the  stu¬ 
dents  should  be  convinced,  that  the  main  beam  of  an¬ 
tenna  pattern  is  scan  in  the  opposite  side.  The  similar 
measurements  have  to  be  carried  out  for  a  reflector  with 
larger  sizes  and  with  tlie  same  focal  distance.  The  pur¬ 
pose  of  such  experiment  is  to  be  convinced,  that  in¬ 
creasing  the  reflector  sizes  courses  growing  power  gain. 

Naturally  the  slotted  waveguide  antenna  can  be  consid¬ 
ered  as  an  array  of  discrete  radiators.  The  beam  scan¬ 
ning  is  ensured  by  frequency  sweeping.  Measurement 
of  VSWR  versa  frequency  is  important  for  such  an¬ 
tenna. 

The  laboratory  exercises  are  completed  by  study  of  the 
matching  with  the  help  of  4-element  waveguide  and 
strip  transformers.  The  capacitive  elements  are  used  as 
discontinuities. 

CONCLUSIONS 

The  generated  laboratory  practical  work  on  microwave 
antennas  allows  the  students  to  familiarize  with  the 
fundamental  types  of  antennas,  methods  of  their  ex¬ 
perimental  investigation,  to  study  the  requirements  to 
antenna  ranges,  to  receive  skills  of  operation  with  mi¬ 
crowave  equipment.  To  fix  the  material  the  testing 
questions  are  appeared  at  the  end  of  each  instruction. 
Feature  of  an  arrangement  of  testing  questions  is  their 
accidental  order  in  comparison  with  presentation  in 
theoretical  part  that  induces  the  student  more  carefiilly 
to  study  a  theoretical  material. 
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Learning  antenna  and  feeder  devices  it  is  necessarj'  to 
come  from  with  certain  classification.  It  is  caused  by 
that  variety  of  construction  aeriales  devices  is  so  great, 
that  the  learning  of  all  existing  aerials  within  the  pe¬ 
riod  of  time,  limited  for  educational  discipline,  simply 
is  impossible.  Besides  it  is  not  so  necessarily,  because 
for  the  certain  groups  of  aerials  by  their  correct  selec¬ 
tion  it  is  possible  to  select  general  electrodjmamic  prop¬ 
erties,  principle  of  operation,  characteristic  design 
features,  that  enables  to  be  limited  to  learning  the  sepa¬ 
rate  specimens  of  a  group. 

The  definition  of  such  groups  and  detection  of  belong¬ 
ing  of  this  or  that  aerial  to  a  group,  that  is  considered, 
depends  on  classification  principles.  A  classification  for 
a  principle  of  operation  now  is  widly  used  which  in 
matching  with  other  kinds  of  classifications  allows 
precisely  to  relate  aerials  to  various  kinds  and  unambi¬ 
guously  define  qualifying  tags.  Besides  in  such  a  system 
tire  qualifying  tags  are  more  homogeneous,  than  on  the 
other  principles  of  a  classification.  So  for  example, 
fulfilment  of  the  qualifying  system,  which  bases  on 
division  of  aerials  on  ranges  of  waves  causes  misappre¬ 
hend  definitions  which  are  stipulated  by  a  working  rang 
of  waves,  principle  of  operation,  design  features,  by 
functional  belonging  and  so  on. 

For  much  attention  in  this  textbook  is  drawn  to  passive 
antennas  so  in  a  futher  passive  antennas  radiating  sys¬ 
tems  are  considered.  The  readers  inerested  in  active 
antennas,  can  acquaintance  with  the  more  complete 
classifications,  which  are  resulted  in  the  appropriate 
monographies. 

The  figure  showes  a  classification,  in  which  a  principle 
of  operation  and  design  feature  is  the  main  tags. 

According  to  this  figure  the  contents  of  the  textbook  is 
oflFered; 


•  Definition  of  a  radiation  field  on  the  given  sources; 

•  Parameters  and  characteristics  of  aerials; 

e  Elementary  radiators; 

•  Dipole  antenna; 

•  Antenna  system; 

•  Theory  of  aperture  antennas; 

•  Influence  of  reflecting  surfaces  on  antennas  radia¬ 
tion; 

•  Theory  of  receiving  antennas; 

•  Antennas  synthesis; 

•  Linearly  polarized  linear  antennas; 

•  Horn  anteimas; 

•  Lens  antennas; 

•  Reflector  antennas; 

•  Surface  waves  antennas; 

•  Circular  polarization  antennas  ; 

•  Antenna  with  statistical  amplitued  -  phase  distri¬ 
bution  (APD); 

•  Scanning  arrays; 

•  Antennas  with  signal  processing  ; 

•  Aircraft  anteimas  characteristics. 

The  textbook  is  base  on  the  textbook  by  the  authors  of 
the  tlieses  "The  tlieory  of  antennas"  .K.;KIUCA,  1996 
and  textbook  by  Ilnitskiy  L.Y.,  Sibruk  L.V.  "Anten¬ 
nas". -K.iKIUCA,  1998.  and  is  used  for  the  students  of 
radio  engineering  faculties  of  institutions,  but  will  be 
useful  to  the  scientists,  post-graduate  students  and  ex¬ 
perts,  which  solve  for  problems  aerial  devices. 
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Fig.  The  classification  of  antennas 


